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Abstract
A brief literature survey of Rapid Solidification (RS) techniques, and in particular of 
High Pressure Gas Atomization (HPGA) is presented together with a more detailed 
study of the literature of the analysis of the surfaces of materials by electron 
spectroscopy. Surface oxidation is reviewed with particular emphasis on the Cabrera- 
Mott theory of very thin oxide film growth and earlier experimental work on the 
surfaces of RS materials is discussed.
A protocol is established for the surface analysis of model RS materials and of HPGA 
aluminium alloy powder by X-Ray Photoelectron Spectroscopy (XPS). Some 
preliminary results on the degassing of RS powders are also presented. Useful 
experimental techniques, including specimen preparation and curve fitting are 
introduced and developed for the measurement of oxide thickness and surface 
segregation by XPS. A theoretical approach is presented for oxide thickness 
calculation for powders. The segregation of certain alloying elements on the surface 
of HPGA powder is quantified with the introduction of the enrichment factor.
For HPGA aluminium alloy powders whose alloying elements exclude magnesium 
and lithium, the oxide is thin, in most case less than 2nm and appears to be relatively 
inert to ambient atmospheres over short (up to 12 hours) exposures. Aluminium alloys 
that contain magnesium or lithium have a thicker oxide which is prone to oxide 
growth during powder handling in ambient atmospheres. This problem is exaggerated 
by the surface segregation of these elements, which also affect the degassing 
characteristics of the powder.
The relatively thin oxide on the surface of the HPGA Powder is discussed in terms of 
a two stage oxidation mechanism. At least a monolayer of oxide is formed at the 
molten stage, (high temperature oxidation), and the majority of the oxide growth 
occurs in the collection box during powder handling (low temperature oxidation).
The prediction of the surface segregation of alloying elements is complex. The results 
indicate that lithium, magnesium and zinc will always segregate in the surfaces of RS 
materials, other elements (e.g. nickel, copper and iron) will segregate depending on 
their concentration in the alloy, while some elements (e.g. chromium, zirconium and 
hafnium) do not segregate at all. Those results are compared with the predictions of 
the theories of Burton and Machlin, Tsai and Pound and the general treatment of 
Hondros. Good agreement is established with the theory of Burton and Machlin.
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A brief literature survey of Rapid Solidification (RS) techniques, and in particular of 
High Pressure Gas Atomization (HPGA) is presented together with a more detailed 
study of the literature of the analysis of the surfaces of materials by electron 
spectroscopy. Surface oxidation is reviewed with particular emphasis on the Cabrera- 
Mott theory of very thin oxide film growth and earlier experimental work on the 
surfaces of RS materials is discussed.
A protocol is established for the surface analysis of model RS materials and of HPGA 
aluminium alloy powder by X-Ray Photoelectron Spectroscopy (XPS). Some 
preliminary results on the degassing of RS powders are also presented. Useful 
experimental techniques, including specimen preparation and curve fitting are 
introduced and developed for the measurement of oxide thickness and surface 
segregation by XPS. A theoretical approach is presented for oxide thickness 
calculation for powders. The segregation of certain alloying elements on the surface 
of HPGA powder is quantified with the introduction of the enrichment factor.
For HPGA aluminium alloy powders whose alloying elements exclude magnesium 
and lithium, the oxide is thin, in most case less than 2nm and appears to be relatively 
inert to ambient atmospheres over short (up to 12 hours) exposures. Aluminium alloys 
that contain magnesium or lithium have a thicker oxide which is prone to oxide 
growth during powder handling in ambient atmospheres. This problem is exaggerated 
by the surface segregation of these elements, which also affect the degassing 
characteristics of the powder.
The relatively thin oxide on the surface of the HPGA Powder is discussed in terms of 
a two stage oxidation mechanism. At least a monolayer of oxide is formed at the 
molten stage, (high temperature oxidation), and the majority of the oxide growth 
occurs in the collection box during powder handling (low temperature oxidation).
The prediction of the surface segregation of alloying elements is complex. The results 
indicate that lithium, magnesium and zinc will always segregate in the surfaces of RS 
materials, other elements (e.g. nickel, copper and iron) will segregate depending on 
their concentration in the alloy, while some elements (e.g. chromium, zirconium and 
hafnium) do not segregate at all. Those results are compared with the predictions of 
the theories of Burton and Machlin, Tsai and Pound and the general treatment of 
Hondros. Good agreement is established with the theory of Burton and Machlin.
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Chapter 1
Introduction to the Surface Examination of Rapidly Solidified Aluminium Alloy
Powders
Rapid solidification (RS) of aluminium based alloys whether by inert gas atomization, 
melt spinning or splat quenching has recently provided a great deal of interest within 
the metallurgical community. Extended solid solubilities have been achieved, new 
meta-stable phases have been discovered and refined microstructures created that 
promise to extend the use of aluminium based alloys into areas where previously only 
more expensive metals such as titanium have been used.
One important aspect of producing rapidly solidified materials is that for efficient heat 
transfer the material must be thin in at least one dimension. The major consequence of 
this is the relatively large surface area that is evolved, and with elements such as 
aluminium the consequent formation of oxide can lead to problems in subsequent 
fabrication processes.
Although there are several methods of producing rapidly solidified materials, this 
thesis concentrates on powders produced by high pressure inert gas atomization. 
Auminium alloy powders produced using inert gas atomizers installed at The 
University of Surrey and elsewhere fall into two categories. Relatively simple binary 
alloys such as Al-Cr, Al-Mg, and those more complex alloys which have potential 
commercial applications such as Al powder alloys with additions of Mg, Fe, Cr, Ni 
etc.
At present relatively little investigation has been undertaken on the oxidation 
behaviour of rapidly solidified alloys. It is generally assumed that those theories 
developed for “conventional” alloys will apply, and the object of the work described 
in this thesis is to investigate the validity of this premise.
The first class of powders mentioned above have the potential to develop models of 
oxidation and the segregation of alloying elements within the surface of the powder. 
The second class can then be used to confirm such predictions, and develop further 
ideas.
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Both the surface segregation and oxidation behaviour of the powder can influence the 
properties of the final consolidated materials. For example if the oxide film is strong, 
it will be difficult to establish intermetallic bonding between adjacent powder 
particles without putting excessive energy into the consolidation route, which could 
result in degradation of the rapidly solidified microstructure. This degradation (such 
as grain growth or coarsening of precipitates) will reduced the potential properties of 
the consolidated material, as the advantages gained by the rapidly solidification route 
such as fine grain size and finely dispersed precipitates will be lost.
Surface analysis methods have been widely used for the investigation of oxidation 
mechanisms. In particular X-ray photoelectron spectroscopy (XPS) is now 
universially accepted in this role. This technique provides chemical information (both 
chemical state and quantitative information), to a depth of only a few nanometres 
(nm, lxlO"9m).
However, the protocol for the examination of aluminium alloy powders by XPS is not 
well established and so this project will address requirements for the investigation of 
rapidly solidified powders by XPS involving such criteria as transportation, mounting 
and possible problems associated with the interpretation of XPS spectra. Once a 
suitable protocol has been established analysis methods for obtaining oxide 
thicknesses on aluminium based powders and for the quantification of segregation of 
elements to the surface of such powders can be developed.
Another aspect of the surfaces of rapidly solidified aluminium powders is the 
degassing characteristics of such materials. In the literature there has been discussion 
on whether a degassing step is required, and if so to what temperatures and whether a 
vacuum or carrier gases should be used.
The thesis assesses the current position on degassing and presents preliminary results 
using residual gas analysis within a ultra high vacuum furnace environment.
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2.1 Rapid Solidification
2.1.1 Introduction
Rapid solidification (RS) processing of metals whether by splat quenching, 
atomization, melt-spinning or any other technique has provided a “shot in the arm” 
(Cohen and Fleming, 1985) for modern metallurgy and may enable metals to regain 
ground lost to other recent developments in materials science such as advanced 
composites or ceramics. Although the present interest in rapid solidification (RS) 
dates back to the work of Duwez and his co-workers (Duwez et al, 1960 and Klement 
et al 1960) in 1960, the technique of RS was practiced industrially over 150 years ago 
for the production of lead pellets, in a “lead shot tower” built in Baltimore. Adam 
(Cohen and Fleming, 1985) has estimated that the cooling rate experienced by the 
lead shot was of the order of 104K.sec‘\  well within the accepted RS limits for a 
refined microstructure, supersaturation and fine scale precipitation.
By the 1930's gas atomization was utilized for the production of commercial metal 
powders though again not intentionally RS. It was only by the 1950's that rapid 
quenching by chill casting for ingot technology was commonly utilized in order to 
improve workability and enhance the ingot's properties. The 1960's brought intense 
interest in rapid solidification, mainly due to the discoveries of extended solid 
solubilities, meta-stable phases and refined microstructures by Duwez (Duwez et al 
1960).
2.1.2 Normal and Rapid Solidification
An essential step in most metallurgical processing is the solidification from the melt. 
Examples include the production of ingots for further processing, the direct 
production of “near net shape” castings and very importantly the welding 
technologies for the repair or fabrication of structures.
With the examples quoted, solidification starts when the melt is cooled below its 
equilibrium liquidus temperature. This proceeds at a rate generally governed by the 
heat extraction ability of its surroundings. A melt can cool to its ambient temperature 
over a range of times, from fractions of seconds with very efficient heat sinks on
Chapter 2
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welded materials to days in large (200 tonne) steel ingots in metallic moulds or (60 
tonne) sand castings. With large solidification times segregation and coarsening 
become extensive and are generally impossible to homogenise by subsequent heat 
treatments. Such chemical inhomogeneity can also extend to smaller steel ingots o f  
the order of a tonne or so where the solidification process is generally completed 
within 30 minutes. This results in potentially useful highly alloyed compositions 
which are prone to segregation being limited only to the “as cast” form.
The major attraction o f completing the solidification process in a matter o f seconds 
(or preferably less), and in sections with fine dimensions of the order of millimetres in 
at least one direction is that there is simply not time or space available in which to 
develop a coarse microstructure as discussed above.
A smaller dimension increases the cooling rate through the solidification temperatures 
and in certain cases can be made to exceed 106K .sec_1 by the application of an 
effective heat sink across very short distances, of the order o f less than =10mm. 
Distances such as these maybe obtained during RS processing, (see below.)
High cooling rates can give rise to high under-coolings of the order of 100K or higher 
prior to solidification, instead of the more usual few degrees which are generally 
obtained in normal casting practices. Departures from the normal near equilibrium 
conditions can lead to the formation of new non-equilibrium alloy phases as well as 
extensions of solid solubilities to levels greater than a hundred times that o f the 
equilibrium level in some cases.
2.1.3 Microstructural Effects of Rapid Solidification.
Among the specific contributions and potentials of rapid solidification are (Lavenia et 
al, 1987; Jones, 1982):
(1) Increased solid solubility.
(2) Highly refined microstructures and grain size.
(3) Modification or elimination of segregation.
(4) Production o f metastable microcrystalline structures.
(5) Possibility o f glass formation.
The formation of metallic glasses will not be considered in this thesis. Examples will 
be taken from the aluminium alloy systems:
6
Increased Solid Solubilities.
Rapid quenching from the melt extends the solid solubility, frequently by orders of 
magnitudes compared to the range experienced under equilibrium conditions. These 
increases in solid solubilities can result in novel alloy structures, new phases, and 
large increases in the volume fraction o f evenly dispersed precipitates during ageing. 
The effect of extended solid solubility is particularly useful for the aluminium based 
alloy systems due to the low number of elements showing significant equilibrium 
solid solubility. Only eight elements (Mg, Si, Li, Cu, Zn, Ga, Ge and Ag) show 
equilibrium solid solubilities greater than one atomic percent. These elements also 
have high diffusivities in aluminium and result in alloys having relatively low thermal 
stability.
Using rapid solidification, significant increases have been achieved in the number of 
alloying elements that can be held in metastable solid solution particularly those with 
low diffusivity within an a-aluminium matrix. With the additions o f such elements 
alloys can be developed that show significant improvements in thermal stabilities. 
The degree of solid solubility extension for aluminium based alloys has been 
compiled by Jones (Jones, 1982) and is illustrated in figure 2.1 and for elements o f  
interest in this work in table T2.1.
100r
10
0.1
0.01
oooi-
Figure 2.1
Extension of Solid Solubility in Aluminium Alloys (Jones, 1982)
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M axim um  Solubility  
at Equilibrium
Extended Solubility  
Reported M axim um
Element Temp K Atomic % Atomic %
CHROMIUM 934 0.44 5.0-6.0
COPPER 821 2.5 17.0-18.0
IRON 928 0.025 4.0-6.0
MAGNESIUM 723 18.9 36.0-40.0
MANGANESE 923 0.7 6.0-9.0
NICKEL 913 0.023 12-1.1
SILICON 850 1.59 10.0-16.0
Table T2.1
Increased Solid Solubilities in Aluminium Binary Alloys Due to Rapid 
Solidification Processing.(Data from Jones, 1982)
Refined M icrostructure and Decreased Grain Size.
Grain sizes less than or equal to lpm  are often produced by rapid solidification. These 
are considerably finer than those developed by ingot technology and have been 
reported for both splat quenching and gas atomization techniques. Figure 2.2a (Jones, 
1986) shows the effect o f decreasing the powder size on the dendrite arm spacing. As 
can be noted in figure 2.2b, the average grain size decreases by a two orders o f  
magnitude with a decrease in particle size from 1000pm to 10p.m. The effects o f such 
a refined microstructure are well known and increases in properties would be 
expected by a Hall-Petch strengthening mechanism Hall 1952, Petch 1953).
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D e n d r l t a  a rm  s p a c in g  a s  a f u n c t i o n  o f  p o w d e r  p a r t i c l e  d ia m e t e r  
f o r  ( a )  h i g h  s t r e n g t h  a lu m in iu m  a l l o y s
j  A r ,  H a , a i r ,  N ,  u p d r a u g h t  a t o n i z a t l o n  <^> u l t r a s o n i c
0  A r  u l t r a s o n i c  a t o m i z a t i o n  JL. A r ,  He u l t r a s o n i c
1 I A r  u p d r a u g h t  a t o m i z a t i o n  V  e l e c t r o h y d r o d y n n m ic
G r a in  s i z e  I  a s  a f u n c t i o n  o f  ( ) p a r t i c l e  r a d i u s  a n d  ( ) e s t im a t e d
c o o l i n g  r a t e  f o r  T i - 6 w t ^ A l - 4 w t 5 V  p a r t i c u l a t e s  m ade  b y  d i f f e r e n t  m e th o d s .
K e y : Q  REP p o w d e r  SJ  PDME f i b r e  <Q> EBSQ f l a k e
/ \  PDME r i b b o n  Q  H am m er a n d  a n v i l  s p l a t  -------- — •
Figure 2.2 a & b (after Jones, 1986)
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Modification or Elimination of Segregated Phases
With conventional aluminium alloys the most significant metallurgical factor that 
influences the final mechanical properties o f the alloy is the type, size and distribution 
of second-phase particles. In ingot technology these can be classed into three types:
(1) Constituent particles, which are Fe-, Si-, and Cu- rich inclusions of the order 
of 0.1 to 10p.m in diameter and are generally formed during casting. Fe and Si 
are usually impurities, whereas Cu is added deliberately as an alloying 
addition.
(2) Dispersoid particles are smaller with diameters o f 0.05-0.5|±m and are rich in 
Cr, Mn or Zr. They are used generally to control recrystallization and grain 
growth.
(3) Precipitate particles are the smallest particles with dimensions of 0.01-0. lpm , 
and are rich in the alloying element such as Mg, Fe, Cu, Zn etc. These 
precipitates are used to strengthen the matrix.
Segregated phases such as the complex constituent particles which may be formed by 
ingot technology can often be removed or modified by RS processing. These phases, 
for example those inter-metallics formed by aluminium and other alloying metals, can 
remain in solid solution or be reduced in size to give a fine dispersion of submicron 
particles, with improved properties particularly toughness. In a similar way the 
dispersoid particles, which may be formed during solidification, can also be reduced 
in size by RS. This refinement occurs in two ways, firstly the time available for the 
particles to nucleate and grow within the solidification process is so short that growth 
is limited. Secondly, as a result o f the extended solid solubilities there is the 
formation o f supersaturated solid solutions from which the particles can be 
precipitated on a much finer scale during a subsequent heat treatment or during the 
consolidation process. At the present time, unless care is taken during consolidation 
there will be extensive “over-ageing” o f the precipitates, requiring further heat 
treatments to obtain the desired particle distribution.
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Production of Microcrystalline Metastabie Phases
These phases may act similarly to the strengthening precipitates above, however, they 
are generally only formed by rapid solidification processing. According to Jones 
(Jones, 1982), formation of metastable, crystalline, intermediate phases and extension 
of solid solubility in the terminal phase is more common when based on aluminium 
than magnesium. This undoubtedly reflects the competitive nature o f phase selection 
during RS and perhaps indicates that equilibrium intermediate phases in Al-base 
systems are more readily suppressed than their counterparts based on magnesium. 
Another factor is that glass formation appears to occur more readily in Mg-based 
system rather than Al-based systems, which both tend to limit extension o f terminal 
solid solubility and the formation o f metastable crystalline intermediate phases. 
Possibilities for systematising the formation of such metastable crystalline solid 
solutions (whether extended terminal or intermediate phases) include alloy chemistry, 
thermodynamics and kinetics.
2.1.4 Rapid Solidification Techniques
Here a brief review o f RS techniques will be given. Figure 2.3 (Jones, 1982) 
illustrates the classification according to Jones of the many possible routes to achieve 
rapid solidification of materials from the melt. The various techniques are subdivided 
into three major categories, the first being those which involve the fragmentation of 
the melt into droplets prior to solidification i.e the spray methods. In the second 
category the melt remains continuous up to and during the solidification stage, i.e the 
chill methods, and finally the third category includes those methods which rely on the 
rapid melting and subsequent solidification at a limited depth at the surface of a bulk 
material, where the bulk acts as the heat sink i.e in situ or weld methods.
Rapidly solidified materials are produced in various forms,these include spherical, 
near-spherical, flake, discontinuous or continuous near cylindrical filament, flat 
ribbon or sheet, or a surface layer or multilayer deposit, depending on which 
production method is utilized.
2.1.4.1 Spray Methods
Spray methods which involve the fragmentation of the melt stream or charge, 
frequently referred to as “atomization” or “shotting” often involve the direct 
impingement o f a secondary fluid such as pressurized gas, steam or water. Another 
method involves the direct rotation o f a molten charge in order that molten fragments
11
are ejected. A variation on these basic techniques include the soluble gas process, 
where a high supersaturation of gases dissolved within the melt at high pressures is 
released rapidly by discharging the treated melt into a vacuum.
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Figure 2.3
Some Production Routes For Rapid Quenching From The Meit And Rapid 
Solidification And Their Products. (Jones, 1982)
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T he m ost com m on varia tion  o f the atom ization process, w here by definition this 
process is regarded  as being the fragm entation o f  a  m elt stream  by a secondary o r 
atom izing flu id  is in  the selection and velocity o f  th is secondary fluid. The various 
fluids frequently  u tilized  include w ater, steam , air, n itrogen and inert gases such as 
helium  or argon, the choice o f  w hich depends on w hat atom ized product is required. 
W ater o r steam  atom izing je ts  are only suitable for m etals w hose oxide can easily be 
rem oved or reduced  e.g. iron based  alloys. H ence fo r alum inium  alloys and som e 
superalloys and steels nitrogen o r inert gases are required.
Also the final p roduct depends to a large extent on the velocity  and nature o f the fluid. 
H igh pressure gases travelling  at a  greater m ass per unit tim e allow  a higher heat 
extraction rate  and hence a greater cooling rate from  the solidifying droplet. Another 
variant o f the atom ization technique is the introduction o f “ultra-sonic” gas delivery 
je ts , w hich are  c la im ed  to p roduce  high, pu lsed , gas ve loc itie s  w hich aid the 
fragm entation o f  the m elt stream  in to  finer droplets, thus increasing the solidifying 
powder's surface area enabling a greater heat transfer to the secondary fluid.
There are also several variations in the subsequent treatm ent o f  the particles form ed 
after the fragm entation process has taken place. M any processes involve a secondary 
gas to  com plete the solidification process, w hile others, fo r exam ple the twin roller 
m ethod, rely m ainly on heat rem oval by the im pingem ent on  a solid chill substrate i.e. 
the rollers. V ariations o f  this m ethod include the m olten droplets cooling on im pact 
w ith a liquid, o r the direct im pact on a chill block.
Gas atom ized  pow ders tend  to be sm ooth and spherical com pared  w ith a w ater 
atom ized m ateria l. T he possib le  reasons for this w ill be d iscussed  later. H igher 
pressures and a shorter d istance betw een the gas je t  and the m elt stream  (figure 2.4) 
produce finer pow der. It is also claim ed that this can be achieved by the introduction 
o f ultrasonic pulsations (G rant, 1983).
Rotary fragm entation involves the ejection o f m olten m aterial w hich w ill ultim ately 
form  droplets o ff  a spinner w hich m ay be a circular disc, d ish, crucible or electrode. 
The standard technique involves allowing a m olten stream  to be bottom  poured onto a 
ro tating disc, on  im pact the m elt flow s across the disc tow ards the edges and on 
ejection from  the  d isc ligam ents are form ed firs t fo llow ed  by droplets. F or high 
m elting poin t m aterials such as titanium  the rotating electrode m ethod is frequently 
utilized. H ere an arc is used to localize m elting and droplets are produced at the tip o f
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a ro tating  electrode m anufactu red  from  the m aterial required  to  be atom ized. One 
particular advantage o f  this technique is the absence o f a contain ing  m edium , so that 
reac tive  m ateria ls such as c e rta in  a lum in ium  alloys can be p ro cessed  w ith  the 
m inim um  risk  o f contam ination o f  the alloy.
Melt* S tre a m
Figure 2.4
Schematic Illustrating Nozzle and Die Arrangement for Inert gas Atomization
W ith all the spray m ethods the particle  sizes produced range from  several m illim etres 
to m icron and sub-m icron sizes, depending  on the particular conditions and technique 
utilized. The sm allest d rop le ts  c learly  experience the h ighest coo ling  ra tes  up to 
105 K  s '1 w hen so lid ifica tio n  occu rs  in  free flight. T he la rg es t p a rtic les  have 
undergone solidification at cooling  rates about 102-103 K .s '1.
2.1.4.2 Chill Methods
W hile spray m ethods by defin ition  requ ire  de-stabilization o f  a  m elt stream  to form  
spray droplets, chill m ethods requ ire  the stabilization o f the m elt source p rio r to any 
breakup (Jones, 1982). I f  the m elt volum e is small this m ay be achieved  by m ethods 
such as d irect in jection in to  a  static ch ill m ould as illustrated in  figure 2.5a, o r  the so 
ca lled  “ tw in p iston” o r s im ila r techn iques involving liqu id  fo rg ing  illu s tra ted  in 
figure 2.5b. In order to “ scale-up” laboratory quantities o f production several m ethods 
have evolved, the m ost prom ising  including  chill- block m elt spinning as illustrated  in 
figure 2.6.
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-"-Vacuum Outlet
M e l t -
( a )  i n j e c t i o n - c h i l l  m o u ld  ( b )  t w o - p i s t o n  m e t h o d
Figure 2.5 : Chill Methods for Rapid Solidification 
a: Schematic Illustrating Injection Chill Mould 
b: Schematic Illustrating Twin Piston Method
Schematic Illustrating Chill Block Melt Spinning
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Here the melt stream is stabilized by the direct impingement onto the surface of a 
rotating chill block usually constructed of copper, the resulting ribbon may be 
continuous if the correct conditions are applied and will be far thinner at 10 to 100pm 
than the impinging melt stream, ensuring rapid solidification via efficient heat 
transfer to the chill block.
2.1.4.3 In-situ or Weld Methods
With both the chill methods and the spray methods the limiting factor is the heat 
extraction rate to a cooling medium, with a consequent heat transfer across a 
boundary layer. In the case of chill methods involving a chilled substrate this heat 
transfer only occurs at isolated points across the heat sink, with the result that the 
overall heat flow is by conduction or radiation across the intervening gaps. The weld 
methods which employ melting, heat extraction and heat sink all in situ ensure perfect 
contact between the melt and chill surfaces (which may also be molten), (figure 2.7)
Figure 2.7
Schematic Illustrating In-Situ or "Weld” Method of Rapid Solidification
Success in this process requires the localized input of heat to rapidly melt, (but not 
vaporise) the surface of the material to a shallow depth. This melting can be achieved 
by the direct action of a rapidly traversing electron, laser or plasma beam. To a certain 
extent the depth melted and therefore the degree of cooling and solidification can be
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controlled by the energy  o f the m elting beam, the area  covered  and the speed o f 
traverse. P ractical p rob lem s include the need for a vacuum  system  fo r electronic 
beams w hile laser beam s have problem s with the reflectiv ity  o f  the surfaces o f some 
metals, leading to inefficient energy coupling. M ost o f  the earlier w ork was confined 
to the surface rem elting  o f alloy sam ples in which the unm elted  bulk sim ply acted as 
a heat sink. By this process entire surfaces can be treated  by successive traverses o f 
the m aterial. A  recent developm ent is to inject and retain d isperso id  particles o r alloy 
additions in the m olten  zone and to m elt a wire or pow der feedstock layer by layer on 
to  a chill surface o f  d ifferen t com position and so to bu ild  up a continuous thick 
deposit o f constant o r o f  graded com position as required.
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2.2. Rapid Solidification by High Pressure Inert Gas Atomization
2.2.1 The University of Surrey Atomizer
The Surrey gas a tom izer is based  on the M .I.T . atom izer (R icks and  Clyne, 1985), 
although considerable m odifications have been m ade to the o rig inal design. These 
m odifications w ill be d iscussed  below  and include the die and nozzle design and the 
introduction o f a two cham ber system .
The atom izer, shown diagram m atically  in figure 2.8, and the m ajor features illustrated 
in figure 2.9, is a stain less steel vessel, w hich is divided in to  tw o cham bers by a 
partition. This two cham ber m odification  w as introduced as initial attem pts to use 
high pressures in  the a tom ising  d ie  resu lted  in  back pressure being  developed as 
shown in figure 2.10 (R icks and  C lyne, 1985), which in  turn h indered  the flow  o f 
m olten m aterial through the nozzle orifice.
By the introduction o f  the partition  the upper cham ber could be “over pressurised” , 
hence the m elt region w as sim ilarly  overpressurised and the back pressure generated 
at the die com pensated  for. T h is a llow ed fo r a m ore flex ib le  m ethod  o f pow der 
production. Another advantage o f  the partition arrangem ent is that the upper chamber, 
w hich contains the m ajority  o f  the feed  throughs and sensors, rem ains com pletely 
pow der free. This clearly  offers advantages in operational safety.
In the original design, the incorporation o f  ultrasonic pressure m odulation, w ith the 
possib ility  o f a shock w ave genera to r w as attem pted by the use o f  high line gas 
pressures to a suitable resonance cham ber (figure 2.11). This design aim ed to produce 
a gas flow in or near the supersonic regim e.
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Figure 2.8
Line Diagram of the University of Surrey's Inert Gas Atomizer
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Figure 2.9a
View of the High Pressure 
Inert Gas Atomizer System
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Figure 2.10
Plot Illustrating the Back Pressure Generated With Increasing Static Line
Pressure to the Atomizing Die
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Figure 2.11
Schematic Illustrating Original "Ultra-Sonic" Die Arrangement
H ow ever, it w as soon  established that this design w as unreliab le  (Ricks and Clyne, 
1985) and prone to instabilities being form ed w ithin the atom isation cone. H ence, the 
far m ore sim ple  design  o f  the a tom ising  d ie, illu stra ted  in  figure 2.4, w hich w as 
developed specifically  not to generate u ltrasonic m odulations o r shock w aves in  the 
gas stream  w as in troduced . H ere  s tream lined  gas flow  w as aim ed fo r, by the
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introduction of parallel sided gas delivery ducts. Care was also exercised to prevent 
gas deflection prior to melt stream impingement to avoid any concomitant loss in 
energy available for melt stream pulverisation.
With this new die design the maximum velocity of the atomising gas is in the 
trans-sonic region (i.e. mach 0.9 to 1.0) with a line pressure of the order of 8MPa. 
Any increase in the gas delivery pressure will not increase the gas velocity over and 
above this. Not only has the die received extensive modification since the first 
experiments during the commissioning of the Surrey atomiser, but also the nozzle has 
been continually improved, in its design and lately in the nozzle materials.
The original nozzle, shown in figure 2.12, had an approximate diameter of 4mm. In 
order to improve atomization efficiency it was decided to progressively reduce the 
internal diameter of the nozzle by the introduction of thinner bore silica glass tube. 
This progressive modification resulted in a 2mm diameter bore silica glass tube being 
regarded as the optimum for aluminium alloy powder production, in terms of melt 
stream stability.
Figure 2.12
Original Nozzle and Die Design for Use in the Inert Gas Atomizer
The latest modifications are concerned with the choice of material. Indeed, it was 
found that the mild steel originally used was “attacked” by the molten aluminium 
alloy. This resulted in the nozzle being eroded, and consequently causing instability 
in the melt stream flow. As there was progressively more wetting of the steel by the 
aluminium, this resulted in a greater horizontal force being imposed on the melt
2 2
stream . T his fo rce  gave an u n stab le  a tom isa tion  cone , w hich  app eared  as a 
non-sym m etrical cone through the view ing port.
A nother m ajor problem  was the “freezing  o f f ’ o f  the m elt stream  as the “w etting” 
alum inium  froze onto the die. Thus, no t on ly  encouraging further instability  in  the 
cone due to non-sym m etrical gas je t  im pingem ent, but also effectively sealing o ff  the 
gas ex it nozzles, and som etim es leading  to  sets o f nozzles being blocked by the 
solidified alloy.
R ecent experim ents have utilized a boron nitride nozzle w ith a separate alum ina o r 
zirconia inner tube in order to reduce the chem ical attack by m olten alum inium .
2.2.2 Solid ification
The solidification processes involved w ith in  the various atom ization techniques are 
com plex and as yet not fully understood. H ow ever, there is data on high pressure gas 
a tom ization  and it is possib le to  ex trapo la te  em pirical low  pressure corre la tions 
betw een processing conditions and particle  size, for exam ple, the use o f  L ubanska's 
(Lubanska, 1970) correlation betw een m ass m edian particle diam eter and m elt stream  
diam eter given by equation [2.1]
d med 5=1 ^ ^ d melt^T^ mel/T^ gas^W e^^+ ^m el/jgas^1/2 —[2.1]
The W eber num ber NWe is given by:
N We = v PmeltdmelAmelt ...[2.2]
In equations [2.1] and [2.2]
d  is the diam eter o f either the particle  o r the m elt stream. 
r\ is the kinem atic viscosity o f  either the m elt o r gas. 
j  is the m ass flux o f either the m elt o r gas. 
v  is the transm ission velocity o f  the gas. 
p is the density and y  the surface energy o f the melt.
P redictions using equation [2.1] are show n in figure 2.13 for helium  and argon gases 
at various velocities at a fixed d iam eter o f  m elt stream  (4mm) governed by the nozzle 
ex it diam eter. There is o f course the question o f w hether it is possible to transpose 
low  pressure em pirical relations to h igh pressure gas atom ization and to w hat extent
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do the equations rem ain  v a lid  w hen fac to rs such as m elt superheat are om itted. 
H ow ever, th is da ta  suggests th a t a  h igh in itia l gas velocity  shou ld  prom ote the 
form ation o f  finer particles w ith  the resulting  refined  m icrostructures.
m a s s  flux ratio 
F ig u re  2.13
P re d ic tio n s  o f P o w d er D ia m e te r  U sing L u b ra n sk a 's  C o rre la tio n  fo r  V arious 
In e r t  G ases a n d  R elav ive  Velocities.
W ith the available data, and assum ing the correlation can be extended to the high 
pressure regim e, the current operating conditions on the Surrey atom izer, should yield 
a particle size in the range 10-40|J.m. This range has been found in practical cases (as 
illustrated  in figure 2 .14 fo r an A l-L i alloy , L ital'A ', analysed by a M alvern laser 
granulom eter before and after a  ultrasonic suspension period).
24
F igu re  2.14
Size D is tr ib u tio n  U sing  a  L a se r  G ra n u lo m e te r  fo r  I n e r t  G a s  A tom ized  L ita l ‘A ’ 
P o w d er B efo re  a n d  A fte r a  20 m inu te  U ltra so n ic  S usp en sio n  P eriod .
(C lyne e t a l, 1984a)
2.2.3 H ea t a n d  F lu id  F low
2.2.3.1 In tro d u c tio n
D uring atom ization , an understanding o f the heat and flu id  flow  characteristics is 
required in o rder to  optim ise the atom ization process. T he la tter can be subdivided 
into several reg im es (C lyne et al, 1984a):
(1) INITIAL IMPACT, betw een the m elt stream  and the gas jets follow ed by
(2) TURBULENT FLUID FLOW , a short transien t in  w hich  the flu id  flow  is 
highly  com plex , probably involving a certain  d eg ree  o f recirculation o f not 
on ly  th e  a to m iz in g  gas bu t also the e n tra in e d  d ro p le ts  as the liqu id  
disintegrates in to  spherical droplets. Finally:
(3) LAMINAR FLOW  w ill be established for ind iv idual droplets soon after their 
departure from  the turbulent flow  region, as they are  accelerated  aw ay from  
the im pact reg ion . In this lam inar flow region it is expected  that the particles
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enter a quasi-steady state regim e, with the m ajority o f  the heat transfer taking 
place through the a tom ising  gas. The solidifying particles are accelerating, 
thus the m ean rela tive  velocity  o f  the droplets to the gas w ill range from  
several hundred m etres per second at the initial point, to a  few  tens o f m etres 
per second at the end o f  the free flight region. Clyne et al, (1984a) considered 
the interaction o f  the atom izing gas w ith a sphere as an approxim ation o f the 
atom izing conditions.
The analysis requires the values o f  certain dim ensionless num bers. These are:
H ere N rc is the “R eynolds num ber” w hich is the ratio o f inertia l forces to viscous 
forces in  the flow ing fluid; N n u» the “N usselt num ber” is the ra tio  o f  the therm al 
conductance o f the flu id -drop let in terface to the therm al conductance o f  the fluid 
displaced and Npr, the “P randtl num ber” is the ratio o f the m om entum  diffusivity to 
therm al diffusivity o f the fluid, d  is the m elt diam eter, u is the relative velocity, K  is 
the therm al conductiv ity  o f  the  gas, c its specific heat, p the density  and p. its 
viscosity, hi is the heat transfer coefficient
2.2.3.2 T ra n s ie n t B eh a v io u r
There have been several approaches to the num erical analysis o f gas atom ization in 
the literature (Abram zon and Elata, 1981; Konopliv and Sparrow, 1971; K onopliv and 
Sparrow , 1972), but it is  d iff icu lt to  estab lish  a com pletely  rigo rous analysis. 
Sim plifications include restra in ing  the analysis to the pow der size o f  m etallurgical 
interest, i.e. in the range betw een 1-100pm ; to atom ising inert gases (H elium  and/or 
Argon) and relative velocities w hich can be in  the range lOO-lOOOm/s. T he num erical 
analysis o f A bram zon and E lata  can be used to solve the energy equation o f the flow  
around a sphere. The R eynolds num ber can be approxim ated to 100, and differs from  
this value for the m ajority o f  pow ders by less than an order o f  m agnitude. The value 
o f the Prandtl num ber can be approxim ated to 1 for all gases under m ost conditions. 
U sing these values o f  NRe and  Npr the initial relaxation period  before  the steady 
convective heat flow  is  estab lished  can be found to range from  the o rder o f a  few  
nanoseconds for a 1pm  pow der particle, to a  few tens o f m icroseconds fo r the larger 
pow der particles (100pm ).
NRe = p.u.d/p ...[2.3]
...[2.4]
...[2.5]
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A s w ill be d iscussed  la te r the freez ing  tim es are approxim ately  tw o orders o f  
m agnitude longer than this. Therefore for p ractical purposes this transient period can 
be neglected (Clyne e t al, 1984b).
2.2.3.3 Quasi-Steady State
C onsidering the quasi-steady state, the w ork  o f  A bram zon and E lata has given the 
steady state heat transfer coefficient hi under differing conditions. The resu lts have 
been  show n to  correlate  w ell in  the  reg im es o f  in terest w ith the sem i-em pirical 
expression (G eiger and Poirier, 1973)
h , =  ~  +  0 . 6 ( j )  1/4. ( K 2c ) 1/3. ( j j )  ..[2 .6 ]
W here d  is the diam eter o f the m elt, in this case the particle, u is the relative velocity , 
K  is the therm al conductivity  o f  the gas, c its specific heat, p the density and p  its 
viscosity.
P redictions o f  hi using this equation to  droplets in the range o f  interest are show n in 
figures 2.15 & 2 .16 for H elium  and A rgon as the atom izing gas respectively. The 
relative velocity  u w ill decrease during the process, w ith the greater rate o f decrease 
in relative velocity  being with the sm aller (and therefore lighter) particles, w hich w ill 
be m ore rapidly  accelerated w ithin the gas stream . How ever, it appears that the heat 
extraction coefficient term  (h;) is relatively insensitive to the relative velocity over the 
range o f  interest, w ith the range o f values being less than an order o f m agnitude fo r 
m ost cases. H igh heat extraction coefficients are predicted (h* = 3 x 105 W /m 2.K ), 
w hich are norm ally associated with chill m ethods o f rapid solidification.
C ooling is expected to be N ew tonian fo r the range o f cases studied. It can be shown 
that (C lyne et al, 1984a) the condition  fo r N ew tonian cooling during atom ization 
approxim ates to
h i <K 6 K drople/d  ...[2.7]
Even fo r relatively large droplets the condition is valid with an alum inium  m elt fo r all 
values o f h, below about 106 W /m 2.K and this lim it will be correspondingly higher for 
sm aller particles.
F igures 2.15 and 2.16 suggest that the condition w ill be satisfied for all droplet sizes 
and velocities for both atom ising gases. H ow ever, it has been noted that high therm al
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gradients are transiently developed within the melt even under strongly Newtonian
( •
conditions during theIrecalescencejimmediately following crystal nucleation at high 
undercooling.
LOG 10
Figure 2.15 and 2.16 
Prediction of Heat Extraction Coefficient (hi) for Various Powder Sizes and 
Relative Gas/Powder Velocities for He (2.15) and Ar (2.16) Inert Gas Atomized 
Powders Using the University of Surrey Atomizer
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2.2.3.4 Solidification
For a particle cooling under Newtonian conditions it is possible to estimate the total
freezing time (Clyne et al, 1984a). If the end point is taken to be an isothermal fully
solidified particle with a temperature T equal to the temperature of fusion Tf, the heat 
required to be removed is given by:
AH = ]td3.(c|Iquid.ATup +AHf)/6 ...[2.8]
this will occur over a period given by:
AHtf* ----------------  ...[2.9]
hiATj bar Ttd2
t «t-[cilquldATsup + AHf]
6.hi.ATlbar
Here h. is given by expression [2.6], cUquid is the heat capacity of the solidifying melt; 
ATsup is the superheat applied to the melt prior to the atomization process; AH is the
heat content.
The term AT^ bar is a time averaged value of the interfacial temperature between the 
melt and the environment. This term cannot be determined accurately unless the 
nucleation undercooling ATn is known. However, in practice AT^ar03-11 be 
approximated by:
ATi,bar=<V To> ...[2.11]
where Tq is the environmental temperature and Tf is the solidification temperature.
The predicted behaviour is shown in figure 2.17. The freezing times are predicted to 
range from about lps for the smallest particles, to about 10ms for the largest 
indicating that “in flight” solidification would be expected for most particles. 
However, this estimate does not describe the factors controlling the development of 
the solidification structure such as an allowance for changing interface velocity 
during the growth stage. The growth behaviour depends strongly on the undercooling 
at which the solidification is first nucleated, the nature of the nucleants and on the 
subsequent tenancy for the latent heat evolution to cause recalescence. The latter has 
been examined by Levi and Mahrabian (Levi and Mehrabian, 1982). For the
29
atomization of fine droplets, the critical regime of hi in terms of the arrest of 
recalescence has been calculated to be of the order of 105-106 W/m2.K.
LOG 10
Figure 2.17.
Predicted Molten Flight Time (tf) Against Radius of Powder For He Atomized 
Powders Using the Universitry of Surrey Inert Gas Atomizer.
Figure 2.18 shows the predicted thermal histories (Clyne et al, 1984a) calculated from 
an explicit finite difference model for 5pm aluminium droplets with two heat 
extraction coefficients. For fy-lO6 W/m2.K recalescence has effectively been arrested. 
The calculated crystal growth velocity for this case does not fall below 2.4m/s.
However, for the lower value of h. the droplet has been reheated quite close to the
fusion temperature and the associated calculated crystal growth velocity remained as 
low as 0.4 m/s for some time.
Referring back to figures 2.15 & 2.16 only the smallest powders (less than 3pm in 
diameter) can avoid recalescence. This aspect becomes very important when 
considering the time available for “high temperature oxidation” of the powders during 
this “free flight stage”(see below).
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Single crystal nucleafion event at a dimensionless 
undercooling of 0-5
Figure 2.18
Predicted Thermal Histories (Clyne et al, 1984a) for a 5pm Aluminium Droplet 
Cooled for Two Values of Heat Extraction Coefficients hi
Due to the requirement for efficient heat transfer from the material to the atomising 
gas, rapidly solidified materials are of a fine scale in three dimensions. As indicated 
above, a typical size of powder particle produced by inert gas atomization is of the 
order of 10pm. As a result, the surface area per unit weight i.e. the specific surface 
area, becomes of major importance. Methods of investigating these surfaces will be 
discussed in the next chapter.
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2.3 Surfaces
2.3.1 Surfaces - A General Introduction
The variation of specific surface area with radius is shown in figure 2.19. A kilogram 
of powder of 2 0 pm in diameter will have a specific surface area of the order of 
100m2.
Closely linked to this high specific surface area, particularly with aluminium based 
alloys, is the oxide film formed on exposure to an oxygen containing atmosphere. 
This aspect of work is detailed below in section 2.4. Also the possibility of variation 
in surface chemistry is of the utmost importance, not only for the compaction stage,
but also because of its effect on the properties of the final compact. This surface
variation may take the form of depletion or enrichment (see below) of the alloying 
elements in the surface layers during the atomisation process, in addition to the 
oxidation processes mentioned above.
To summarise, the major characteristics of the surfaces of RS powders are;
(1) large surface area per unit weight,
(2) oxide formation and growth,
(3) possible variation in concentration of the alloying elements, in the 
surface layers.
LOS 10
Figure 2.19
The Variation of Specific Surface Area with Powder Radius
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2.3.2 Introduction to Surface Analysis.
Of the many recently developed surface analysis techniques, the most commonly 
utilized are X-ray Photoelectron Spectroscopy, (XPS), Auger Electron Spectroscopy, 
(AES), Scanning Auger Microscopy, (SAM), Secondary Ion Mass Spectrometry, 
(SIMS) and Ion Scattering Spectrometry, (ISS). XPS and AES/SAM are the most 
familiar of the techniques. These are often employed on the same commercially 
available systems for routine analysis, frequently due to their compatibility on the 
same instrument, i.e. they both are based on the energy analysis of electrons.
The modern techniques of surface analysis stem from 1969, when the first 
commercial machines became available, mainly due to the ready availability of ultra 
high vacuum (UHV) technology. (For successful surface analysis the base vacuum 
must be of the order of 10‘8 to 10'10 mbar.)
The fundamental principles of both XPS and AES stem from the early work on the 
photoelectric effect by, for example Hertz, at the end of the last century. A historical 
review paper of X-ray photoelectron spectroscopy development by Jenkin et al 
(Jenkin et al, 1977) describes in detail, the early work of Robinson, Rawson and 
Moseley, who may be considered as the earliest workers in this field. However, this 
aspect of work will not be covered here and the reader is referred to this excellent 
review paper.
The major credit for the re-emergence of XPS in modem times is primarily due to 
Professor Kai Siegbahn (Siegbahn et al, 1967) and his co-workers in Uppsala during 
the late 1950’s and 1960’s. It was the work by this group that lead to the development 
of XPS as a technique that was able to distinguish between a metallic and an oxidised 
state of a metal. It was this chemical state information derived from the “chemical 
shift” of the binding energy of core electrons that lead to the adoption by his group of 
the term Electron Spectroscopy for Chemical Analysis and the widely used acronym 
ESCA.
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The technique of XPS has developed rapidly since the pioneering work of Siegbahn's 
group, with major developments in, for example, X-ray sources, ultra-high vacuum 
technology, electron detection systems and recent advances in computing capability. 
It is probably this final development area which has greatly increased the capability of 
the techniques of not only XPS but also AES and SAM by allowing the data handling 
and processing of complex spectra and elemental maps.
The various techniques used in surface analysis in particular XPS, SAM and AES are 
now used in many applications as indicated in figure 2 .20 .
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Figure 2.20
The Intensity of Application of Surface Analysis, Illustrated by the 
Manufacturing Sectors of the UK.
(Briggs and Seah, 1983)
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2.3.3 Electron Spectroscopy.
Introduction
Excellent reviews on electron spectroscopy have been written by Briggs and Seah 
(Briggs and Seah, 1983) and Watts (Watts, 1990). For further details on this subject 
the reader is advised to refer to these texts.
When considering the processes involved in XPS and AES (including SAM) we are 
concerned with the emission and analysis of low energy electrons in the range of 
about 50 - 2000eV. The electrons are emitted from a surface by either a 
photoemission process in XPS or the radiationless de- excitation of a core ionized 
atom by the Auger emission process in AES.
The general arrangement of any electron spectrometer is shown in figure 2.21, where 
the sample is irradiated by primary radiation (X-rays or electrons). The electrons are 
detected by some form of analyser. PUMPING SYSTEM
PRIMARY RADIATION
X-rays or 
electronsN
e*
ULTRA HIGH VACUUM
ENERGY-^ -----
ANALYSER ELECTRON DETECTOR
SAMPLE SURFACE
PUTER
TROT
ENFROY ANALYSER 
SYSTEM
(AMP,RATEM£TER,)
DATA SYSTEM— — MAIN FRAME 
“ COMPUTER'
HARD COPY/
I
ARCHIVE
STORAGE
Figure 2.21
Schematic Illustrating The General Arrangement of an Electron Spectrometer.
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The whole system is held under UHV conditions, thus requiring some form of 
pumping system, e.g. rotary together with ion, turbo, cryo or diffusion pumps. In 
general for XPS or AES the UHV is achieved by diffusion pumps supplemented by 
titanium sublimation pumps and/or ion pumps. Turbo pumps only relatively recently 
have the required performance and cryo pumps are frequently prohibitively expensive 
to mn due to the need of liquid helium. Diffusion pumps, should be constantly chilled 
with liquid nitrogen in order to prevent contamination by diffusion pump oil of the 
surface being analysed. In all cases therefore the choice of pumping system is a 
matter of personal preference and economic considerations.
The detection system is usually connected to a data processing system, generally a 
mini or midi computer, although for some complex curve fitting routines a main 
frame computer link may be required, as is the case at Surrey. However, recent 
advances in computer power has enabled rapid data analysis to be undertaken with 
relatively small (in size not capability!) midi computers such as the SUN Sparc 
workstations running at upto 15 million instructions per second (MIPS), with the 
necessary memory and mass storage devices (tape drives etc) built in.
The sample
Electron spectroscopy has been successfully applied to gases, liquids and solids, but it 
is in the area of solid surface analysis where the technique has proved itself most 
useful.
However, several criteria must be met in order that analysis can take place by either 
XPS or AES/SAM. For both analytical techniques it is required that the sample 
remains stable under UHV conditions, i.e. it does not dehydrate or volatilise. 
Generally this is the only condition required for XPS although the use of conducting 
planar surfaces does make the aquisition and interpretation of spectra easier. For AES 
and SAM however, the specimen has to undergo a stricter “quality control”. This is 
due to the use of the electron beam to excite the sample, which generally dictates that 
the sample needs to be conducting. The use of an electron beam in some 
circumstances can lead to surface damage due to heating effects, which will change
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the composition and/or chemical state. This needs to be avoided, as does the 
desorption of labile species. Generally as a guide if a sample of the same type can be 
imaged in a SEM, without any charging problems it can be analysed by Auger 
electron spectroscopy. The analysis of insulating materials can be achieved by AES 
but this requires a certain amount of skill on the part of the operator.
The mounting of the specimen for XPS is generally achieved by bolting, adhesive 
bonding or use of double sided adhesive tape. For conducting specimens it is common 
practice to “earth” the specimen by a narrow strip of conducting paint, e.g. silver dag. 
The mounting of powder samples is covered in a later chapter. For Auger analysis, 
especially in the SAM mode bolting or other mechanical “contact” methods are 
preferred.
For analysis the sample can be positioned in most directions, i.e. x,y,z and 0 (see 
figure 2.22) in order to maximise the count rate, or in the case of AES/SAM to 
analyse any particular feature. The control of the take off angle 0 is useful when 
considering depth resolved analysis, where a low take off angle gives a high surface 
specific analysis.
Figure 2.22
Sample Positioning Within the VG ESCA 3 Mk H
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X-Ray sources
The anode material chosen for use in the X-ray source is generally determined to 
optimise the resolution and intensity of the photoelectron peak. The energy of the 
X-ray transition has to supply enough energy in order to remove core electrons in all 
but the very lightest elements (Z<2). Hence, to excite a photoelectron peak of 
reasonable intensity in order that information on the element can be determined, the 
X-ray source needs an energy in excess of the transition studied. Also required from 
this anode material is that the natural line width, when convoluted with the 
photoelectron peak will not excessively broaden the resulting spectral features. 
Therefore, the choice of the anode is dictated by its natural line width. At present the 
materials generally used for X-ray sources are aluminium and magnesium, providing 
the AlKa and MgKa X-ray photons of energy 1486.6eV and 1253.6eV respectively, 
although X-ray satellites such as A1KB will still be present. Generally these two 
sources are present in the single “twin anode” gun with the switching from one source 
to the other simply achieved by switching power to the required filament. Other 
advantages of this twin anode arrangement include a modest depth profiling 
capability as the difference in the analysis depth of the Cls electron is about l.Onm in 
organics. Also there is the very useful ability to differentiate between Auger and 
photoelectron peaks when they overlap on the same spectrum. With changing the 
X-ray source the XPS peaks will shift by 233eV on a kinetic energy scale, while the 
Auger peaks will remain stationary.
There are other materials used as anodes, these include SiKa (1739eV), ZrLa 
(2042.4eV), AgLa (2984.3eV) (Edgell, 1986) and TiKa (4510.0eV). Generally all 
these have been combined with either aluminium or magnesium in a twin anode 
arrangement.
The advantages of these higher energy anode materials is their ability to reach energy 
levels not accessible with conventional anodes. For example the use of the AlKa 
radiation the highest K electron accessible is the Mgls, with the AgLa this is 
extended to the Cl Is. Also, with the use of higher energy photon sources the ejected 
electron has a higher kinetic energy and will increase the relative depth of analysis 
depending on which anode is used.
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Figure 2.23
Upper Spectrum: Monochromated Al K a on PET Specimen 
Lower Spectrum: Un-Monochromated Al K a on Same Sample Note Less Well
Defined Shoulder at 286.25eV
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In order to reduce the natural line width, monochromators which disperse the X-rays 
are employed. At present the commercial monochromators employ natural quartz 
crystal and are only suitable for AlKa (first order reflections) and AgLa (second 
order reflections) and with subsidiary TiKa (3rd order) and CrKB (4th order). 
Recently the 4th order reflection of CrKB has been commercially produced on a 
Scienta machine installed at ICI. This instrument is worthy of a brief expansion. The 
major drawback of using a monochromator is the reduction in X-ray photon flux at 
the specimen, which is due to the use of the quartz crystal. In order to improve the 
photon flux at the sample it is necessary to increase the photon flux emerging at the 
X-ray anode, which can be achieved by increasing the power put into this anode. 
However, there is a limit to the power that it is possible to put into an X-ray anode, if 
excessive power is used the anode melts! The Scienta instrument, by the use of a 
rotating anode enables up to 8KW to be used. This compares to the standard dual 
anode maximum power of 600W. Hence by using such high powers it is possible to 
keep the photon flux at the sample at a level that enables reasonable analysis times to 
be used even with the relatively inefficient use of the monochromator crystals. The 
use of a monochromator reduces the line width of the AlKa line from about 0.85eV 
to about 0.4eV and for the corresponding AgLa line from 2.6eV to 1.2eV. Not only 
does monochromation reduce the line width, but also removes satellite peaks and the 
Bremstrahlung continuum, although more Bremstrahlung may be introduced from the 
use of an aluminium window on the X-ray gun. Clearly as the X-ray photon flux is 
greatly reduced so that the acquisition time must be correspondingly increased in 
order that acceptable quality is achieved. A comparison of the use of monochromated 
AlKa and un- monochromated AlKa on a PET specimen is shown in figure 2.23. The 
upper spectrum shows a PET Cls spectrum, using monochromated AlKa. It is clear 
that 3 distinct species are present, with the ester present at 288.8eV. The lower 
spectrum shows the same region but with un-monochromated AlKa radiation and the 
difference in resolution is apparent. With the increase in resolution using a 
monochromated source, it is easier to identify specific chemical states, such as 
various carbon species and use such information in a quantitative manner, although as 
indicated earlier this is at the expense of requiring a longer acquisition time unless the 
X-ray photon flux is at a sufficiently high level. In this example the maximum 
number of counts in the monochromated experiment is 376 counts per second (on one
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channel), compared with 6733 counts per second with the un-monochromated source, 
a factor of nearly 20. It should be noted that this figure is plotted in the opposite 
method compared to all other spectra within this thesis, (i.e. with the binding energy 
increasing from right to left), as this experiment was undertaken using a Kratos 
Analytical AXIS instrument.
The Vacuum System
For the study of any surface using either XPS or AES/SAM it is a major requirement 
that the surface should remain free of contamination during analysis. This means that 
the partial pressure of any<aote<vw*a»& gases such as CO, H2O, CxHy etc should be 
brought down to a level within the spectrometer so that their detected concentration 
remains constant throughout the experimental time.
The need for this high level of vacuum is twofold. The primary reason being that the 
low energy electrons emitted by either XPS or AES can easily be scattered by any 
residual gas molecules within the spectrometer. Thus, unless the concentration of 
these molecules is rrunlrmse t^he spectral intensity will decrease, with the scattered 
electrons adding to the noise within the background.
The second reason, is due to the high surface sensitivity of the techniques themselves.
The rate of arrival of n molecules of gas of molecular weight M at absolute 
temperature T at a pressure of P (Torr) over an area of one square centimetre per 
second can be estimated from:
n = a 3.52xl022.P.(MT)1/2 molecules cm'2 s 1 ...[2.12] 
Assuming a (sticking coefficients unity
At a vacuum of about 10'6 mbar a monolayer of gas will adsorb on to a solid surface 
in a time scale of about one second. Comparing this with a typical acquisition time for 
a planar surface of about 15 minutes (900 seconds), and the detection limit of such a 
built up monolayer being about 1% of the total signal it is clear that the UHV 
environment will be required. With a vacuum level of 10'9 mbar the monolayer time 
will be of the order of 8 hours.
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To achieve this high level of vacuum the general instrumentation is generally based 
on a bakeable stainless steel chamber and associated pipe work using crushed copper 
gaskets at any joints. As the low energy electrons would be strongly influenced 
during their trajectory by the earth's magnetic field, it is necessary that the sample and 
the analyser are magnetically screened from this external field. This is generally 
achieved by the use of a material with a low magnetic permeability such as “ji-metal”. 
As indicated above, the UHV system will require to be baked in order to remove 
adsorbed layers from the chamber walls. The frequency and temperature of “baking 
out” depends largely on the instrument and its usage, although a temperature in the 
range of 100-160C is commonly utilized. As discussed earlier there are several ways 
of achieving UHV conditions, the most popular being diffusion pumps charged with 
polyphenyl-ether oil,and fitted with liquid nitrogen cooled cold traps, ion-pumps and 
turbomolecular pumps.
Analysers For Electron Spectroscopy
For XPS and AES the two major electron energy analysers are the cylindrical mirror 
analyser (CMA) and the hemispherical sector analyser (HSA). These two types of 
analysers were developed independently reflecting the requirements of either XPS or 
AES. An analyser for XPS requires high resolution to aid chemical shift 
determination, while the analyser for AES requires high sensitivity, i.e. high analyser 
transmission, with the intrinsic resolution being of a minor importance. In the earlier 
stages of development of electron spectroscopy CMA was preferred for AES, while 
HSA was of major use in XPS. However, recent developments of high spatial and 
spectral resolution AES have allowed the HSA type of analyser to be often used for 
AES analysis. Newer designs of HSA with multichannel detectors also have 
transmissions approaching that of the CMA (Watts 1990).
2.3.4 Introduction to Typical Spectra Obtained by XPS
There are two types of spectra which are generally obtained by X-ray photoelectron 
spectroscopy, “Survey” (or “Wide Scan”) spectra as illustrated in figure 2.24, or 
“High Resolution” (or “Narrow Scan”) spectra as shown in figure 2.25.
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X103
Figure 2.24
Typical XPS Survey or Wide Scan for an Al-5Ni-3Fe RS Alloy Powder
The survey spectra show the specific elements at particular peak positions, e.g. A12p 
& A12s peaks at 75 and 120eV on a binding energy scale respectively, Cls at 286eV 
and Ols at 532eV. Survey spectra generally provide qualitative information. 
However, other useful information can also be obtained with survey scans within the 
structure of the background. As will be discussed later the background slope enables 
the determination of possible overlayers and layered structures.
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Figure 2.25
Typical High Resolution or Narrow Scan on A12p Region for an AI-2Ni RS Alloy 
Powder. This Spectrum Has Been Curve Fitted Into Metallic and Oxide
Components.
For quantitative data the high resolution spectra are used. In figure 2.25 the A12p 
region is shown, and for quantitative information the area under the peak (after a 
suitable background subtraction), would be compared with other peaks.
Also indicated in this figure is the chemical shift. Here it is relatively easy to 
distinguish between two peaks which can then be assigned to either metallic 
aluminium (Al°) or aluminium oxide (Al3+).
The use of the information obtained from these types of spectra will be expanded 
further throughout this thesis.
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2.3.5 The Theory of XPS
The process of photo ionisation can be described by:
M + hv -> M+ (j) + e“ ...[2.13]
In XPS we are concerned with a specific form of photo ionisation, i.e the removal or 
ejection of an electron from a core level by an X-ray photon of energy (hv). This 
process on an atomic level for is illustrated in figure 2.26a, depicting the
creation of an orbital vacancy in the 2s level. This vacancy can be filled by one of two 
methods, X-ray fluorescence as illustrated in figure 2.26b or Auger de-excitation as 
illustrated in figures 2.26c (aluminium) & 2.26d ( n& a ).Referring to figure 2.26d, 
the incident X-ray photon interacts with an electron in the K shell to cause its ejection 
as a Is photoelectron, this is assuming that the photon possesses sufficient energy to 
produce such an effect.
The K shell vacancy formed leaves the system in an excited state which can be 
relieved by the methods mentioned above.
Briefly with X-ray fluorescence an electron drops down from a higher level (e.g. the 
Lr2,3 shell) leading to the direct emission of a characteristic X-ray. The second method 
is of more importance here as it is the basis of Auger electron spectroscopy. Here the 
de-excitation method consists again of an electron dropping from a higher level (e.g. 
the L/2,3 level) to fill the vacancy but this time the excess energy is expended by the 
ejection of a further electron (e.g. L2,3). The electron produced by this method of 
de-excitation is termed an Auger electron and would be designated a KL2.3L2.3 
electron. Figure 2.26c shows a similar de-excitation by Auger electron emission, this 
case being a I4M1M23 emission for an aluminium atom.
The technique of XPS involves the bombardment of the material's surface by soft 
X-rays so that the photo- ionisation process can take place. As the electrons emitted 
by both photo-emission and Auger emission processes are of low energy, it is only the 
surface atoms which produce electrons which do not interact inelastically and hence 
lose energy.
45
Figure 2.26 a»d Energy Level Diagrams Illustrating Photoelectronic E ffects. 
a: X-ray Photoelectron Ejected From Silicon, 
b: X-ray Fluorescence to Fill 2s Hole Left by Photoejected Electron, 
c: Ejection of Auger Electron After 3s Electron Drops to 2s Hole Left by
Photoelectron, 
d: Auger Transition for Hfccm (.KT-L,).
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With AES electrons are generally used as the exciting radiation, which allows a 
greater spatial resolution but the secondary electrons ejected contain little analytical 
information. These inelastically scattered electrons do enable imaging by the scanning 
electron microscope, but it is the Auger electrons which carry the surface specific 
analytical information, the interpretation of this information will be discussed later.
The kinetic energies of the X-ray photo-emitted electrons i.e during XPS, are well 
defined as they originate from distinct core levels. Thus the energy with which the 
electron was bound to a specific core level i.e its binding energy can be determined, 
and a | qualitative analysis obtained.
The kinetic (E k e ) and binding (E r e ) energies of a photoelectron are related to the 
X-ray photon energy (ht>) in the following manner (Carson, 1975):
Eke = hv - Ebe - Er - <D ...[2.14]
where:
Er is the recoil energy, which is dependent on the atomic mass of an element. 
This can normally be ignored since it is smaller than the uncertainties 
concerning the natural line-width of the exciting radiation.
<E> is the spectrometer work function.
The photon energy hv (e.g. Mg Ka=1253.6 eV, or Al Ka=1486.6 eV) and the work
macvsoreto
function <E> are knowH values and the kinetic energies of the electrons can be 
determined. Hence the calculation of the binding energies is straightforward.
As indicated above the binding energy of a particular electron in a particular energy 
level is an intrinsic property of the material which is not effected by a variation in the 
excitation energy. Hence a change in the anode material within the X-ray gun will not 
displace the position of a photoelectron line on a binding energy scale. However, if 
the photoelectron line is plotted on a kinetic energy scale the photopeaks will have an 
energy according to equation [2.14] and consequently be displaced an amount 
equivalent to the difference in photon energies.
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Electrons which have been emitted via the Auger de-excitation mechanism during 
XPS analysis have a characteristic kinetic energy, dependent only on the energy level 
of the electrons involved in the transition.
By considering figure 2.26d the kinetic energy of the emitted KL2,3L2,3 Auger 
electron Eke [KL2,3^2,3] can be characterised by:
EkeLKL  ^3L2 3] = Ek(z) - 1/2[EL2)3(z) + £^2 3(2+!)] - l/2[EL2)3(z) + E l2)3(z+X)]...[2.15] 
where the subscripts refer to a particular energy shell. (z. = f r W ic  N utwber)
The practical use of this phenomenon is when there is doubt as to whether a particular 
spectral feature arises from either photoelectron or Auger transitions; by changing the 
X-ray source, e.g. from Al Ka to Mg Ka radiation the photoelectron peaks will move 
by 233 eV on a kinetic energy scale, while the Auger peaks remain static.
The qualitative analysis of most XPS spectra therefore requires a knowledge of the 
binding energies of particular elemental species. However, if there is superposition of 
two major photo-electron lines of differing elements it is necessary to examine the 
minor peaks and possible even the X-ray generated Auger lines in order to confirm 
the qualitative analysis.
2.3.7 Intensity Calculations
The two major X-ray anode materials (aluminium and magnesium) excite core levels 
of all elements to a depth of 1-2 pm. The intensity of any photo-pealc produced relates 
to the photoelectric cross section (a) for the individual energy level concerned. Figure 
2.27 illustrates the calculated cross section for individual elements as calculated by 
Scofield (Scofield, 1976) using Al Ka radiation, (solid lines) and also experimental 
data points for SiKa and AlKa radiations.
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Figure 2.27
Calculated Cross Section of Individual Elements as Calculated by Scofield (Scofield, 
1976) Compared with Experimental Data Points for SiKa and AlKa Radiations
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In order that the theoretical consideration of an individual electron emerging from the 
sample can be detected within the electron analyser a probability term is required. For 
un-monochromated X-rays this requirement can be satisfied by the introduction of an 
anisotropy term L(y):
L (y ) = 1 + 2 n (|sin2y  -1 ) ..[2.16]
Here y  is the angle subtended by the incident radiation and the electron optics of the 
analyser (for the VG ESCA3 y=105), B is a constant for a particular photon energy, 
element and energy level under consideration. This term B has been reported to vary 
from values of 0.3 to 1.8 for Al, Mg and Zr radiation. However, the anisotropy term 
itself is often influenced by other design and operating features.
2.3.8 Quantitative Analysis by XPS
The quantification of XPS data can be achieved by use of the relationship (Briggs and 
Seah, 1983):
Iz = J sin® (ex p [rrr ]d x .K  e x p [r ~ —]  ...[2.17]
AsinO XsmQ
where:
I is the number of electrons emitted from a given energy level for a specific 
element Z 
J is the X-ray photon flux
<X>is the angle of the photon flux to the specimen's surface
Dz is the concentration of a given element in a defined valence state
a z is the photoemission cross section
The integration term represents the sampling depth, where X is the electron inelastic 
mean free path, which is a strong function of the electron's kinetic energy and a 
weaker function of the crystal and electronic structure of the sample.
The term 0 is the photoelectron take off angle with respect to the sample's surface.
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The first term within the integral, exp(-xAsinO) is an attenuation factor from depth x 
within the sample, while the second integral term, exp(-d/A,sin0 ) is related to the 
attenuation of the electrons by an overlayer of thickness d.
K is the collection efficiency term or response factor for the particular instrument in 
use. This term itself depends on several factors such as analyser properties, slit width 
and the electron detector characteristics and settings.
The two terms J and K are variable so it is not usual to use the raw count rates as 
obtained directly from the analyser by fitting them into the above expression, instead 
quantitative values are generally obtained by the use of experimentally derived 
sensitivity factors. These factors are generally obtained from well defined 
stoichiometric fluorine compounds, with all the values relative to the F Is peak which 
is regarded as unity. Seah (Seah, 1980), has produced a reliable reference set with the 
ability to transfer such data to and from various different spectrometers.
Quantification is obtained from the expression:
at% = x 100 ...[2.18]El/S
Where I is the intensity of a particular species
S is the corresponding sensitivity factor
In general quantification of XPS data is achieved by the integration of the peak area 
after a suitable base line subtraction via a computer routine. This integration 
compensates for any asymmetric effects in the signal due to peak broadening. If 
however, the intensity of each peak is taken as simply the peak height, this 
asymmetry can greatly effect the accuracy of the analysis. The expected accuracy 
using the integration of the peak is good at about ±5%.
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Figure 2.28.
a: Large Change in Background Height for Fe2p Region, 
b: Linear Background Fit of Region - Note Large Possible Difference in Area if 
Either Points A to B or A to C are Used.Leading to Errors in Quantification, 
c: "S” or Shirley Shaped Background Fit of Region Note - Reduction in Possible 
Error Due to Different Areas .Used in Quantification Calculations (Castle,1989)
52
Background subtraction is frequently a problem with photoelectron spectra, especially 
if they involve large changes in background height as illustrated in figure 2.28a. The 
most common method of calculating the intensity of a peak is to construct a linear 
background across a suitable window as shown in figure 2.28b. This method is 
suitable if there is little or no change in the background step height. However, 
considering figure 2.28b, where there is such a step function the placement of the 
window can easily lead to errors, as much as 10% as illustrated. A more reliable 
method in these cases is the use of an 'S' shaped background or commonly referred to 
a Shirley background (after the name of the person who first suggested its use 
(Shirley, 1972)), as illustrated in figure 2.28c. With this background subtraction the 
error caused by an incorrect window is reduced, as the area of uncertainty is very 
small compared with a similar area as shown in figure 2.28c. However, it must be 
pointed out that it is not possible to interchange algorithms for background 
subtractions in the same set of analysis, as this can lead to large errors.
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2.3.9 Determination of the Electron Inelastic Mean Free Path (IMFP)
As will be shown later an accurate value of the electrons' inelastic mean free path 
(IMFP), or X is required. For most quantitative analytical analysis the IMFP is 
contained within the relative sensitivity factors as described earlier. However, in order 
to calculate the oxide thickness a value of X will be required.
An important aspect of the IMFP is its relationship with “depth of analysis”, i.e. to 
what depth is the technique sensitive. The expression [2.19] gives this information in 
a mathematical form, e.g.
There are at present two methods of obtaining IMFP data, either experimentally or via 
theoretical considerations. In this project we restrict requirements for the value of the 
IMFP to those concerning photo-electrons of aluminium in both its metallic and 
oxidised state, and the IMFP of these photo-electrons travelling through either 
metallic aluminium, or through aluminium oxide. In order to determine the IMFP, a 
large series of experiments were required which would not be relevant to this 
particular project.
The calculation of a universal equation for IMFP's for photoelectrons travelling 
through materials was given by Seah and Dench (Seah and Dench, 1979). Their work 
yielded three equations for three classes of materials, namely elemental, inorganic 
compounds and organic compounds.
Equation [2.20] refers to the elemental form of the material (e.g. metallic aluminium), 
equation [2.21] to an inorganic compound (e.g. aluminium Oxide AI2O3) and 
equation [2.22] to an organic species such as High Density Polystyrene.
...[2.19]
= 538/E2 + 0.41(aE)1/2 monolayers 
Xm = 2170/E2 + 0.72 (aE)1/2 monolayers 
A,d = 49/E2 + 0.11(E)1/2 mg.nT2
.[2 .20]
.[2 .21]
.[2 .22]
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%m is the IIvIFP in terms of number of monolayers of the medium which the electrons 
travel, and Xd is the IMFP in terms of milligrams of material. E is the kinetic energy 
of the photoelectron, i.e. the energy of the particular electron above the Fermi level, 
and a is the monolayer thickness.
The electron mean free paths in terms of the monolayers can be converted to nm by 
the expression:
X-n = ...[2.23]
The monolayer thickness a in nm is given by:
a3 = —+-X1024 ...[2.24]
pnN
Here A is the atomic or molecular weight, n is the number of atoms in the molecule, 
N is Avogadro's number and p is the bulk density in Kg.m-3.
The above expressions have been derived by the analysis of a large number 
experimental points, and the fitting of a “Universal Curve” of the form:
X = xE'2 + yE1/2 ...[2.25]
to these data points, as illustrated in figure 2.29a.
Table T2.2 illustrates the variation of IMFP with specific elements detected in a 
matrix of aluminium oxide, a possible model for the oxide film on the surface of a 
powder (and an approximation for IMFP for elements buried below the presence of an 
overlayer of oxide). The variation of IMFP with differing X-Ray anode material is 
also shown and the approximate “depth of analysis” for normal emission from a 
planar surface (=3X). It must be stated that the approximation 3X is not a linear term
but is an exponential decrease in intensity as a function of depth, as illustrated in
figure 2.29b.
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Figure 2.29a
Variation In Inelastic Mean Free Path (IMFP) With Kinetic Energy of Electron. 
Line Illustrates Seah and Dench (1979) Correlation for Elemental Species.
Figure 2.29b.
Depth of Analysis in the XPS Experiment. The Shaded Zone Represents the 
Variation in Electron Emission as a Function of Depth (Mean Monolayer 
Spacing = 0.2nm, Electron Inelastic Mean Free Path = I.25nm
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Excitation
Energy
Energy
eV
Aluminium K a  1486.6
Magnesium K a  1253.6
Element Transition Binding Kinetic 
Energy Energy
A l
A l
2p
2p
eV
75
75
eV
1407
1174
IMFP
Monolayers
12.8
11.7
IM FP
nm
2.86
2.61
Analysis* 
depth mm
8.59
7.84
Aluminium K a  1486.6 M g  2s 89 1393 12.7
Magnesium K a  1253.6 M g  2s 89 1160 11.6
2.85
2.60
8.55
7.80
Aluminium K a  1486.6 Cr 2p3/2 575 907
Magnesium K a  1253.6 Cr 2p3/2 575 674
10.3 2.30
1.98
6.90
5.95
Aluminium K a  1486.6 N i 2p3/2 855 627 8.5
Magnesium K a  1253.6 N i 2p3/2 855 394 6.8
1.91
1.52
5.73
4.56
Aluminium K a  1486.6 Fe 2p3/2 710 772 9.5
Magnesium K a  1253.6 Fe 2p3/2 710 539 7.9
2.12
1.77
6.36
5.32
Aluminium K a  1486.6 Cu 2p3/2 931 551 8.0
Magnesium K a  1253.6 Cu 2p3/2 931 318 6.1
1.79
1.36
5.38
4.10
Aluminium K a  1486.6 L i Is  55 1427 12.9
Magnesium K a  1253.6 L i Is 55 1194 11.8
2.88
2.64
8.65
7.92
Aluminium K a  1486.6 C Is 284 1198 11.8
Magnesium K a  1253.6 C Is  284 965 10.6
2.64
2.37
7.93
7.11
Aluminium K a  
Magnesium K a
Notes
1486.6
1253.6
Is
Is
532
532
950
717
10.5
9.1
2.35
2.04
7.06
6.13
For the calculation o f the analysis depth the expression used is 3Xsin0.In this case a planar 
surface is assumed with a normal electron emission, therefore sinO tends to 1.
It  is assumed that the electrons travel tlirough the aluminium oxide, (a =  0.224nm)
Calculation as Seah and Dench (Seah and Dench, 1979) equation [2.21].
TABLE T2.2
Estimation of Inelastic Mean Free Path (IMFP) and Depth of Analysis
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A recent round robin (Olefjord, Mathieu and Marcus, 1990) on a carefully prepared 
specimen of aluminium foil yielded the data that has been used throughout this 
project. This round robin was organised by the EFC-Working Party on Surface 
Science and Mechanisms of Corrosion and Protection, and was supported by BCR the 
European Community Bureau of References.
The original aim of the test was to study the reproducibility of surface analysis in 15 
different laboratories in Europe, Japan and North America. The specimen was also 
examined at Surrey University by J.F. Watts and T.J. Carney on a VG Escalab Mkll 
and a VG ESCA3 MkU respectively. The results from these experiments correlated 
very well with the results from the international round robin. As indicated above the 
specimens were well documented during their preparation, and this is outlined below:
Specimen Composition:
Aluminium oxidised in Oxygen.
Impurity content in parts per million (ppm)
Magnesium < 10; Silicon < 10;
Iron < 10
Lithium <0.1; Sodium < 1.
Specimen Pre-treatment:
Cast aluminium was cold rolled from 10mm to 1mm; Cut into 10x10mm coupons; 
degreased in trichloroethylene; annealed in air at 300C for 5 hours; mechanically 
polished on emery paper to 600 mesh followed by polishing with 7jim, 3pm and ljim 
diamond paste; electropolished; soaked in distilled water; rinsed in alcohol followed 
by degreasing in trichloroethylene; ion etching.
Oxidation:
In order to achieve a thin oxide layer the specimens were oxidised in pure Oxygen at 
25C for 5 hours.
The oxide thickness was measured by nuclear reaction analysis 160(d,p)180*. Three 
different areas on three different samples were investigated, with the results shown in 
table T2.3
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Sample O at/cm2 Equivalent Thickness
1 16.4xl015
2 16.2x10^ 2 .3 nm
3 16.3xl015
Table T2.3
Nuclear Analysis of the Oxygen Content Performed on the Aluminium Samples. 
Tests Undertaken at University of Paris, Groupe de Physiques des Solides.
An estimation of the electron inelastic mean path was made from the A12p and 2s 
photoelectron peaks, from a Beer-Lambert type expression that can be derived from 
[2.19]. As x the thickness of the oxide is known from a secondary method, an 
estimate of IMFP can be obtained. These results are summarised in table T2.4, 
together with errors from the total set of presented data.
Transition BEM FWHMM BEox FWHMox ABE X
(eV) (eV) (eV) (eV) (eV) (nm)
A12p(AlKoc) 73.0±0.1 1.3±0.2 75.8±0.2 1.9±0.2 2.8+0.1 2.05±0.25
A12p (Mg Ka) 73.0±0.1 1.3±0.2 75.810.2 1.910.2 2.810.1 1.7710.15
A12s (Al Ka) 118.010.2 1.710.2 120.510.2 2.410.2 2.510.1 2.2110.32
A12s (Mg Ka) 118.010.2 1.710.2 120.510.2 2.410.2 2.510.1 1.7610.20
Key:
BE = binding Energy, ABE = binding energy shift (metal to oxide)
FWHM = full width at half maximum
Superscripts:
M = metal, OX = oxide
Table T2.4 
Round Robin Data
The value of 2.0510.25nm for the IMFP of A12p photoelectrons have been used 
throughout this project, while a value of 1.7610.2 has been used for the 2s electrons. 
On the occasions where MgKa radiation has been employed the values shown in 
table T2.4 have been used.
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2.3.10 Conclusions.
This section has indicated that techniques such as XPS allow useful information to be 
gained about surfaces. These techniques can therefore be used in the surface analysis 
of powders produced by inert gas atomization and information provided in this 
section will be used below to investigate the surface chemistry of such powders. This 
examination will include the oxides of aluminium and therefore the next chapter 
discusses possible oxidation mechanisms that may occur.
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2.4 Oxidation
2.4.1 Introduction to Oxidation.
Oxidation can be defined as the reaction of oxygen containing gases with metal 
surfaces. All metals, when exposed to oxygen containing atmospheres will form a 
very thin oxide film. The mechanism for oxide formation has been proposed by 
Cabrera and Mott (Mott, 1939; Mott, 1940; Mott, 1947; Cabrera, 1949 and Cabrera 
and Mott, 1948/9). Growth of the oxide film is dependent on several factors, such as 
the partial pressure of oxygen in the atmosphere, the nature of the atmosphere (i.e. 
humidity, corrosive elements etc.), and the physical characteristics of the alloy 
considered (e.g. alloy composition, grain size, or for rapidly solidified metals cell 
size, powder surface and purity).
One point that should be emphasized is that there is a clear difference between wet 
and dry environmental degradation. Corrosion as a process involves elements and 
compounds other than (but including) oxygen, and each will play a part in the final 
corrosion product. These compounds include water, carbon dioxide, and other 
impurities that may be found either within the atmosphere or dissolved in a solvent. 
This aspect is covered in more detail in a later section.
Oxidation processes are not normally governed by equilibrium. Thermodynamics 
may be useful for the prediction of the composition of an oxide formed on an alloy. 
Also it must be appreciated that the nature of thin films is often significantly different 
from that of thicker films.
Kinetics govern the rate of oxide formation. Studies of oxidation have shown that the 
behaviour of the majority of the systems may be fitted to one of the following 
empirical 'rate laws'; (Hauffe, 1965)).
Linear 
Parabolic 
Cubic
Logarithmic 
Inverse Logarithmic
Am = KLt ...[2.26]
(Am)2 =Kpt ...[2.27]
(Am)3 =Kct ...[2.28]
Am = K,ln(at + tQ) ...[2.29]
—  = A-K.,lnt ...[2.30]
Am 11
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Am is the increase in mass over time t, KL, Kp, Kc and K { are the rate constants for 
linear, parabolic, cubic and logarithmic rate laws, tQ is zero time, and a and A are
constants. The linear, parabolic and cubic rate laws are normally obeyed at higher 
temperatures (>500C). A linear law is typical of a non-protective oxide whilst the 
parabolic and cubic laws are characteristic of protective films.
Logarithmic and inverse logarithmic laws are generally associated with low 
temperature behaviour (from below room temperature up to approximately 500C) and 
are characteristic of a protective film.
2.4.3 Possible Oxidation Processes for Atomized Powders
The oxide film detected on the surface of aluminium based alloys has been reported to 
be very thin, of the order of 2nm (Olefjord, Mathieu and Marcus, 1990). With this 
information it is possible to restrict the oxidation processes involved with rapid 
solidified powders to those which evolve oxides of this thickness, and expand these 
theories in this current investigation.
Although not strictly relevant the process of corrosion also needs to be considered. 
However, as recommendations for obtaining maximum properties from aluminium 
based RS materials through the powder technology route tend to infer that the powder 
should remain in a carefully controlled atmosphere, this aspect will only be briefly 
considered.
2.4.3 Continuous Oxide Films.
The metal oxide product of the reaction between a metal surface and oxygen, 
assuming it is not volatile in nature, will build up as a surface layer. On formation this 
oxide layer will determine the future characteristics of the material, for example if the 
layer does not inhibit the continued transport of oxygen to unchanged metal, a non- 
protective film has been formed. The growth rate of such a non-protective film will be 
independent of its thickness X, and therefore its growth is given by:
,[2.31]
On integration this gives the linear law of the form:
(X-XQ) = Am = KLt [2.26]
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Another case is where the layer forms a continuous, inhibiting barrier between the 
reactants (oxygen and metal),thus forming a protective layer. On the effectiveness of 
this barrier in the protection of the underlying metal, the simplest assumption that can 
be made is that its inhibiting power is directly proportional to the thickness, i.e.:
Where X Q is the original oxide thickness at time t=0.
dX 1
inr “  x  ...[2.32]
On integration this gives the parabolic law:
(X2-X„2) =An? = Kpt ...[2.27]
In order to obtain values of the parabolic rate constant Wagner’s theory (Wagner, 
1933 and 1936) of the parabolic law may be considered, for the continuous oxide 
films that may be formed on aluminium surfaces, This theory can then be modified 
for considering very thin oxide layers. The growth of aluminium oxide is considered 
as the dissolving of aluminium in the oxide at the metal-oxide interface to give 
interstitial cations and free electrons. These defects then cross to the oxide-gas 
interface and react to build up new layers of the oxide. The rate controlling step of the 
oxidation is the transport of the interstitial cations to this interface. Wagner's theory of 
the parabolic law assumes that
(1) The oxide film is compact and adherent
(2) The slow step is the movement of material through the oxide layer
(3) The layer is so thick that the space-charge relationships at the two interfaces
are unimportant and the oxide can be regarded as electrically neutral.
When the oxide is very thin (as on the RS powders of this study, see below) it is not 
unreasonable to infer that assumption 3 is no longer valid. Hence, in this work, 
Wagner's model has not be considered valid and will not be used as a basis for further 
discussion. Instead the model proposed by Cabrera and Mott will be used.
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2.4.4 The Cabrera-Mott Theory of Very Thin Film Oxide Growth.
One possible route of oxide formation and growth on the surface of a powder can be 
considered from the Cabrera-Mott theory of oxide growth (Fehlner and Mott, 1970; 
Grimley, 1978). Here the growth of the first few atomic layers of the film is under the 
control of an intense electric field which will be established between the adsorbed 
oxygen atoms and the underlying metal. In this model several assumptions were 
made:
(1) The slow step in oxide growth is at the metal-oxide interface and involves 
entry of metal “ions” from the metal into the oxide lattice; There are N' sites at 
this interface and their vibrational frequency is v. The barrier to entry, W, is 
the activation energy of the oxidation process. Subsequent diffusion through 
the oxide to the oxide-gas interface is fast
(2) Oxygen molecules from the gas phase dissociate at the oxide surface giving 
rise to chemisorbed adatoms. These adatoms are negatively polarized leading 
to a surface potential V across the oxide of thickness X. Consequently a field 
F=V/X acts across the oxide.
(3) The field F effectively lowers the barrier W to a value (W-zeaV/X), where ze 
is the charge on the ion and a the jump distance, 2a being the interatomic 
spacing.
In more detail, the oxygen adatoms will be ionized by electrons tunnelled from the 
metallic regions of the powder particles, thus in turn forming ionized metallic species 
closejtoj the AI/AI2O3 interface. If it can be considered that although the system has a 
low partial pressure of oxygen there is enough oxygen available to form the precursor 
physisorbed layer, the slow step to any oxidation process involving aluminium will be 
the removal of an individual cation (Al3+) from a metallic position within the powder 
to the interstitial position in the oxide as shown diagrammatically in figure 2.30a.
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Figure 2.30a
Schematic Illustrating The Cabrera-Mott Oxide Growth Mechanism
Figure 2.30b
Potential Energy Diagram Illustrating the Energy Barrier for the Transfer of 
Aluminium Ions in the Metallic Region (P) to Interstitial Positions (I*) Within 
the Oxide.
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This transfer will have a potential hill associated with it, as illustrated in figure 2.30b. 
If the rate at which ions will overcome this potential hill without an applied electric 
field (for example x>2nm) is R (the thermodynamic rate), then the application of an 
intense electric field will reduce this potential hill and the rate of film growth can be 
described by:
ze = charge on an ion,
a = distance between P and the top of the potential barrier,
V = potential difference across the film,
£2 = volume of oxide per metal atom, 
k = Boltzman constant and T is the absolute temperature.
As the thickness of the oxide film is increased, i.e. as x is increased the term X/x 
decreases, and hence exp(Vx) tends to unity, so that the effect of the field on the rate 
of the removal of ions to interstitial positions tends to virtually zero. Thus the 
thermodynamic rate R becomes the governing rate. Therefore, Mott's theory leads to a 
limiting thickness at low temperatures (less than 535K, as discussed below) 
determined by the point at which the thermodynamic rate R is no longer affected by 
the electric charge field.
The critical temperature discussed earlier arises at the point where thermal energy is 
available in order to promote Al3+ ions into the interstitial positions within the oxide 
(i.e. overcoming the potential energy barrier). At this point ions are promoted into the 
oxide and will continue to do so if the temperature remains above Tc i.e. continuous 
oxide growth occurs. The value of Tc is given (Cabrera and Mott, 1948/49) by
Here W is the potential energy difference between the interstitial position and the 
metallic position as illustrated in figure 2.30b, k is the Boltzmann constant. The value 
of W has been calculated to be of the order of 1.8eV (Cabrera and Mott, 1948/49) 
hence a value of Tc is of the order of 535K. This value satisfactorily agreed with 
experimental results.
£ = n R .e x p ( |) [2.34]
where:
[2.35]
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2.4.5 Corrosion of Aluminium Alloys in Natural Environments.
Corrosion of aluminium alloys as opposed to their oxidation is a very complex subject 
and there is a great deal of effort being expended especially within the aerospace 
industry (Bailey et al, 1978; Fyfe, 1978). In this project, the surfaces of powders 
produced by gas atomisation are being studied in order to gain an insight into their 
oxidation behaviour, in its simplest form, the reaction between the alloy and the 
available oxygen within the atomising chamber, and during the subsequent 
unavoidable atmospheric contact as part of the powder handling operations. As it will 
become clear below, attempts have been made to ensure that the powders are analysed 
in their 'as atomised' condition and not in a ‘corroded’ state.
In this section the possible effects on the powder's surface on exposure to the 
atmosphere will be outlined. Clearly the first consideration is what the term 'the 
atmosphere1 implies, and how it will vary from location to location, local conditions 
etc. Constituents of the atmosphere, oxygen, nitrogen, argon etc are given in table 
T2.5, along with the minor constituents such as krypton, neon etc. (Bailey et al, 
1978). Impurities of the atmosphere are shown separately in table T2.6. The 
compositions shown are a global average and are reasonably constant for all 
locations, the very major exception to this being the water vapour content which will 
vary with location, season, time of day etc. However, for atmospheric corrosion the 
water vapour, oxygen and carbon dioxide content are the important bulk constituents.
Constituents g/m3 Weight (%)
AIR
NITROGEN
OXYGEN
ARGON
WATER VAPOUR 
CARBON DIOXIDE
1172
879
269
15
8
100
75
23
1.26
0.70
0.040.5
Constituents P.P.M. By Weight
NEON
KRYPTON
HELIUM
XENON
HYDROGEN
14
4
0.8
0.5
0.05
12
3
0.7
0.4
0.04
TABLE T2.5. Constituents of the Atmosphere.(BaiIey et al, 1978)
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Impurity Typical Concentrations (jig/m3^
SULPHUR DIOXIDE
SULPHUR TRIOXIDE 
HYDROGEN SULPHIDE
AMMONIA
CHLORIDE 
(air sampled) 
CHLORIDE 
(rainfall sample)
SMOKE PARTICLES
Industrial region: Winter 350; Summer 100.
Rural region: Winter 100; Summer 40. 
Approximately 1% of the Sulphur dioxide content. 
Industrial region: 1.5-90; (Spring Value.)
Urban Region: 0.5-1.7; (Spring Value.)
Rural Region: 0.15-0.45; (Spring Value.) 
Industrial Region: 4.8.
Rural: 2.1.
Industrial Inland: Winter 8.2; Summer 2.7.
Rural Coastline: Annual Average 5.4.
Industrial Inland: Winter 7.9; Summer 5.3.
Rural Coastline: Winter 57; Summer 18.
(These values in mg/1).
Industrial Region: Winter 250; Summer 100.
Rural Region: Winter 60; Summer 15.
TABLE T2.6. Typical Concentrations of Atmospheric Impurities.(Bailey et al, 1978)
As in general terms any rapidly solidified powder produced will be prepared, stored 
and processed under either inert gas conditions or under atmospheric conditions we 
need only concern ourselves with the process of ambient temperature atmospheric 
attack. Considering that in general the reactions which take place in the bulk alloys 
will occur in the RS powder, the products of such reactions will influence the 
properties of the consolidated material.
Water vapour is essential to the formation of an electrolyte solution which will 
support any electrochemical corrosion reaction and its concentration is usually 
expressed in terms of the relative humidity (R.H). Relative humidity is defined as the 
percentage ratio of moisture in the atmosphere compared to that which would saturate 
the atmosphere at the same temperature. Alternatively, the difference in temperature 
between the ambient atmosphere and that to which it would have to be cooled before 
moisture condensed from it is also used as a measure of moisture content. This 
difference in temperature is called the dew point depression. The actual temperature
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at which the condensation takes place is known as the dew point. The relative 
humidity can then be expressed by:
SATURATED VAPOUR PRESSURE OF H20  AT THE DEW POINT 
R-H'= SATURATED VAPOUR PRESSURE OF 11,0 AT AMBIENT TEMPxl00%
...[2.36]
Atmospheric oxygen can easily be dissolved in the electrolyte solution to provide 
reactant for the cathodic reaction. The transport of oxygen will be enhanced by the 
solution being in the form of either fine droplets or thin films thus providing rapid 
diffusion of oxygen from the atmosphere/solution interface to the solution/metal 
interface.
Oxygen may also play a part in the oxidation of soluble corrosion products to less 
soluble ones which form more or less protective barriers to further corrosion, e.g. 
considering the corrosion of iron, by oxidising ferrous corrosion products to the 
less soluble ferric forms.
The role which the moisture plays in the corrosion products is also important, for 
example the formation of the hydragillite phase, AI2O3.3H2O, which is generally 
the most common hydrated form of aluminium oxide. The formation of this phase, 
although it is essentially passive will lead to the requirement of the degassing of 
the powder at a later stage in order to prevent the formation of voids in the 
compacted material.
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Another important variable in the corrosion of aluminium alloys is temperature. 
For example above about 75C the formation of the hydragillite phase is displaced 
by the formation of the boehmite phase (AI2O3.H2O), although in both cases this is 
assuming that there is a constant supply of moisture. The formation of differing 
phases of aluminium corrosion products is likely to influence the consolidation 
behaviour of the powder, for example if a crystalline oxide is formed (e.g. a high 
temperature oxidation product or a subsequent high temperature heat treatment) the 
physical nature of this oxide will be markedly different to one formed and kept at 
low temperatures. As yet these factors appear not to have been studied in any great 
detail.
2.4.6 Conclusions
This section has outlined the possible oxidation mechanism for RS aluminium 
alloys. It has also indicated that problems may occur if RS powders are exposed to 
corrosive environments. It is clear from these comments that there lies the 
possibility of degradation of properties of RS materials due to oxidation or 
corrosion.
The next chapter discusses the current information, not only on the surface oxides, 
but also the general surface chemistry of RS materials.
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2.5. Surfaces of Rapidly Solidified Materials 4
2.5.1 Introduction
Several authors (e.g. Grant,, 1983 and 1984) have indicated problems associated with 
the consolidation of rapidly solidified powders and the role which the oxide layer 
plays. One of the earliest works directly related to RS materials (Thursfield and 
Stowell, 1974) noted that in an Al-8wt%Fe alloy a decrease in strength was probably 
due to the oxide layer between the particles and failure invariable occurred at prior 
particle boundaries. They also noted that excessive amounts of oxide could lead to 
reduced ductility and premature failure.
Grant has outlined many of the problems associated with the oxide layers. In his early 
work (Grant, 1983) the need to analyse the oxides of powders was emphasised, while 
later it was noted that oxide formation is poorly monitored or controlled (Grant, 
1984). In this way he indicated that with additions of reactive (to oxygen) metals the 
actual nature of the oxide film may be altered, and that little work had been done in 
order to understand these processes. At that time it was not known how to remove 
these oxide layers (which would still appear to be the case in view of the cost) since 
reduction was out of the question. Again the point was raised about the subsequent 
problems associated with ductility and toughness within the compact and that these 
were not trivial problems. It was stressed that “significant studies must be undertaken 
to minimise the role of non- reducible oxides in all particulate based alloys”.
It has also been noted that with advanced powder metallurgy (PM) aluminium alloy 
fine powders, as obtained by RS atomization methods, there is an increase in the 
oxygen content by almost an order of magnitude with decreasing particle size. 
Consolidation techniques such as Hot Isostatic Pressing (HIP), are not effective in 
breaking up the oxide layers on aluminium based alloy powders and this and similar 
problems are a major stumbling block for the optimization of these materials. 
Therefore a careful evaluation of handling, degassing, consolidation and processing 
techniques is required.
Froes and Pickens (Froes and Pickens, 1984) indicated that the oxide formed on the 
surface of a powder will not dissolve during processing into the base material. They 
emphasised the hydrophilic nature of aluminium powders, and the need of degassing 
prior to consolidation. However, in the literature there has been no concerted, 
systematic examination of the surface regions, and in particular, the oxide layer of
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RS, inert gas atomized, aluminium alloy powders. This is despite the wealth of 
information generated on for example RS microstructures. During the earlier 
atomization work at Surrey (Ricks et al, 1986) it was expected that there would be 
little oxidation within the atomizing vessel. Hence it was considered necessary to 
have a 2 % oxygen rich atmosphere in order to “passivate” the aluminium powder 
produced in order to reduce its pyrophoric properties. All later work (including this 
study) abandoned this practice and instead the oxygen content of the atomizing gas 
was considered sufficient to passivate the powder.
Information available at present falls into four major categories:
(1) The surface analysis of the “as produced” and “stored” powder prior to
consolidation.
(2 ) The role of the surfaces and oxide during consolidation.
(3) The effect of the oxide fragments on the consolidated material.
(4) Analysis of “model” RS surfaces such as melt-spun ribbon.
Direct analysis of the surface of powders
In the literature there has been very little direct analysis of the surface layer of RS 
powder particles with the exception of a Swedish group which has reported XPS and 
AES results for aluminium based alloys and steels. The majority of the other work has 
concentrated on the Transmission Electron Microscopy (TEM) of oxide fragments in 
the consolidated material, either as a simple “cold compacted” specimen or after a full 
consolidation procedure. Although not ideal, this approach can provide useful 
information about the oxide fragments, or about the nature of prior particle 
boundaries and their chemistry and gain useful information for the optimization of 
consolidation processes.
The first consideration is the shape of the powder particle. Dunkley (Dunkley, 1978) 
for example, has indicated that the shape of the powder particle is governed by the 
oxide film produced during atomisation. He suggests that alloys processed by water 
atomization without forming an oxide film will solidify as spheres while alloys with 
high melting point oxides e.g. Al, Cr, Ti and Mg will solidify into irregular shapes. 
This observation has important ramifications as irregular shaped powders would be
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expected to pack more easily and aid consolidation. With aluminium alloy powders 
this change from a spherical shape to a irregular shape is obtained from changing the 
atomization gas from inert gas to air.
A major advance in the knowledge of the oxide films of aluminium alloy powders 
was provided by Staniek (Staniek, 1984). He considered the role of the oxide from the 
production of the powder through to the final compact and noted the effect of 
changing the atomizing gas, the degassing technique and the consolidation 
parameters. The oxide skin in these powders was analysed by:
(1) Embedding the powder in nickel foil and performing TEM on the 
interface regions between the particle and the embedding material.
(2). AES combined with ion milling of the as atomized powders.
(3) SEM of the as atomized powders
The observations on the as atomized powders concluded that the oxide was 
continuous on the surface of the particle with oxide also in the crevices on the surface 
of the particle. The measured oxide thickness obtained by ion milling did not exceed 
5nm as estimated by TEM. However, AES combined with ion milling suggested an 
oxide thickness of 10-20nm. In this case however, there are doubts about the accuracy 
of ion etching of powders and the possibility of re-oxidation within the spectrometer.
Electron diffraction on oxide fragment showed diffuse rings, characteristic of 
amorphous or micro-crystalline oxides. In a few instances the nucleation of a small 
number of y-A^O^ crystallites was observed, whilst with alloys containing
magnesium crystallites of MgO could also be noted. With cold pressing, this oxide
was occasionally broken away from the powder surface and TEM was easier to
perform..
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Kim et al (Kim, Griffith and Froes 1983,1985 and 1986) also reported the presence of 
the amorphous alumina film on the surface of a 7091 alloy 
(Al-6.5Zn-2.5Mg-l.5Cu-0.4Co) powder. This magnesium containing alloy showed 
the presence of MgO crystallites on the surface, probably as “islands” in a “sea” of 
amorphous alumina. On degassing formation of y-alumina, ZnO and 
MgAl20 4crystallites was reported. It was proposed that these aided the breakup of the
oxide film during consolidation.
Couper et al. (Couper et al, 1986) have also studied in detail the process of degassing 
of an Al-12Fe-2V RS alloy (the powder was produced in an oxygen containing 
atmosphere). Contrary to other workers who have worked on 7000 series alloys the 
oxide layer appeared to be crystalline (y-alumina). In order to explain these results 
two models were proposed. Firstly as these alloys have a higher melt temperature 
(1200C cf 900C) the oxide which is formed on the solidifying droplet might 
experience higher temperatures and longer times at temperatures above which the 
transformation to y-alumina may occur (about 550C) (Jacobs, 1973). A second 
possibility is that the actual composition of the alloy has a marked effect on the 
formation of y-alumina. The work also indicated that an extrusion ratio of 9:1 was not 
sufficient to breakup the oxide layers which were still located on the prior particle 
boundaries, despite the knowledge that this layer was crystalline.
Important work has also been undertaken by Olefjord and co-workers (Olefjord and 
Nylund, 1988), who have studied RS steels and aluminium based alloys. Considering 
here only the aluminium alloys, an Al-5Mn-2.5Cr RS alloy powder was analysed in 
the as received condition and after a period of storage.
The storage conditions were at a relative humidity (RH) of 60-80%, for 1 hr to 1 week 
at 22C. The powders were collected, stored and handled under inert gas conditions, 
which reflected the “as-atomized” surface state. The powders were pressed into tin or 
lead. Depth information was obtained using successive ion etching and analysis, using 
calibration curves to account for the spherical nature of the powders (Nyborg et al, 
1988) as illustrated in figure 2.31. The etch rate was determined from a planar, 
oxidised aluminium foil.
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Figure 2.31
Calibration Curves Used for the Estimation of Oxide Thickness by Ion Etching
(Nyborg et al, 1988)
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Figure 2.32.
ESCA Spectra Recorded from Al-5Mn- 2.5Cr RS Alloy Powder 
(a) as Received condition (b) after 20A ion etch. (Olefjord and Ny!und,1988)
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The relative intensities of the A12p to the Ols peaks suggested an average oxide 
thickness of 2.0nm over the entire powder surface. However, with ion etching it was 
found that the aluminium in the oxidised state did not conform to the predictive 
behaviour of a thin layer on a sphere, but rather indicated a series or “islands” of 
particles of oxide (greater than 6.0nm), in a “sea” of thin (sub 2.0nm) oxide. The 
proposed explanation for this observation was that the particles are formed at high 
temperatures (i.e. in the flight time of the molten powder particle), while the thinner 
“sea” of oxide is formed at low temperatures (i.e. during storage and handling).
The quoted average oxide thickness for these powders, allowing for these particles 
was 5nm. This appears to differ from the oxide thickness estimated from the ratio of 
the A1m and O2' peaks of 2nm as indicated above, and the visual observation of the 
ratio of the A1M to Al3+ 2p peaks as illustrated in figure 2.32.
Other explanations for this result are possible, for example it is conceivable that oxide 
fragments may have been trapped between particles and not totally removed from the 
surface in which case no matter how much etching takes place there will still be Al3+ 
detected. The other possibility is that the aluminium surface is re- oxidising rapidly 
within the spectrometer, as would be expected with a reactive surface. This effect has 
been noted in the round robin work (Olefjord et al, 1990).
If the particles do exist, it is also conceivable that there are not just A120 3 but 
impurity concentrations of magnesium leading to complex MgAl20 4 crystallites, 
again in a matrix of thin, amorphous A120 3. Surface concentrations of magnesium
have not been shown in this work. However, as will be discussed later, even impurity 
concentrations of magnesium can lead to segregated phases on the surface of the 
particles. The other possibility about particulates is that they are crystallites of 
alumina, formed at high temperatures in an orientation perpendicular to the surface of 
the powder particle.
The presence of an oxide film less than 2nm thick prior to ion etching, and also 
between the possible particles after etching is interesting. As mentioned before, the 
Mott oxide thickness is of the order of this value, and the oxide is also formed at low 
temperatures. In this manner there is support for the low temperature oxidation 
mechanism. As the Al-Mn-Cr alloy is designed for high temperature applications, the 
time at which particles are molten is longer than with other, more commercial alloys. 
Therefore, the possibility of oxidation at high temperatures is increased, as there is
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more time available for an oxidation event to take place. This could lead to particles 
being formed as described above, but may not occur with the lower temperature 
alloys.
Quantification of the alloying elements (Cr & Mn) was not shown, but a note was 
made that these elements were not detected in their oxide state and from the spectra it 
appears that the relative intensities are low. Also only Mn was detected in the as 
received state. It is possible from inspection of the spectra (figure 2.32) to infer that 
depletion has taken place although as indicated above no attempt has been made to 
quantify it.
The exposure to humid atmospheres caused a detectable change in the nature of the 
surface. The ESCA measurements revealed that a thin layer of hydroxide was formed 
on the surface of the oxide. The thickness measured by ion etching experiments of 
this layer depended on the exposure time and RH. The sample exposed for one day at 
RH=60% showed virtually no hydroxide layer, while after a week at this level of 
humidity the hydroxide layer was of the order of l.Onm. At the higher level of relative 
humidity, (RH=80%), the hydroxide layers after one day and one week were 0.6 and 
1.2nm respectively. These layers are therefore still relatively thin, compared to the 
average oxide thickness calculated from ion etching of 5.0nm. The effect of exposing 
these powders to a humid atmosphere is therefore that a layer of hydroxide will form, 
and that this layer will grow with exposure time and increases in RH.
Bohlen et al (Bohlen et al, 1986) have studied the characteristics of two sets of RS 
aluminium alloy powders and correlations were made of the powder's characteristics 
and of the mechanical properties of the final extruded material. The thickness of the 
oxide film on the surface of the rapidly solidified 7091 and PM64 alloys was 
calculated by AES and neutron activation analysis. The powders were produced in 
two different manners, the 7091 alloy using air as the atomizing gas while the PM64 
utilized nitrogen as the atomizing medium (the latter contained 4-6% O2).
The powders were also produced under differing dew point conditions, the air 
atomizing gas having a dew point of 277K with N2 having a lower dew point of
202K. Oxide thicknesses were estimated by comparing the etch rate to a standard 
material (Ta2Os). It must be stated that the authors make no mention of the different
etch rates that were recorded with A120 3, compared with Ta2Os of about 2 (Olefjord 
et al, 1990). Also no account for the spherical nature of the powder was made.
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Oxide thicknesses were quoted based on the spluttering time required to reduce the 
oxygen content by 70%, as suggested by Joshi in a private communication. The oxide 
thicknesses quoted are in the range 8.7-15nm, however, considering the previous 
point the oxide thicknesses maybe at least half these values, and maybe even smaller 
due to the possibility of re-oxidation during etching in the spectrometer chamber (see 
later). The oxides are relatively thick compared to the results subsequently obtained at 
Surrey, but no details were given about storage conditions and time.
However, as these alloys contain relatively large concentrations of magnesium the 
oxide was expected to differ. Indeed, the relative concentrations of magnesium 
differed with atomizing conditions. The surface concentration of magnesium 
increased in the air atomized powders. With both powders there was still an 
enrichment in the surface concentrations of magnesium zinc and silicon. The 
enrichment factor, the method used in this thesis to quantify enrichment of alloying 
elements within the surfaces of aluminium RS powders, where the relative 
concentrations of the elements are compared in the surface and the bulk of the 
material can be used here. A pseudo- enrichment factor (see later) can be calculated 
for these results giving for the 7091 air atomized powder the values of 37 and 1.4 for 
Mg and Zn respectively, and for the N2 atomized PM64 values of 18 and 1.1 for Mg 
and Zn; Clearly a dramatic difference due to changes in atomizing conditions.
Comparisons of the total oxygen content determined by neutron activation indicated 
that the N2 atomized PM64 alloy had a lower oxygen content than the air atomized 
powder 7091. This difference appears to be due to the difference in the dew point of 
the atomizing gases, indicating hydration of the oxide with the air atomization 
process. It was noted that there was no correlation with the measured oxide 
thicknesses and the oxygen content of the powder. It can only be assumed that the 
“extra” oxygen is in the form of a hydrated layer.
The work (Bohlen et al, 1986) also concluded that there appeared to be no correlation 
between the mechanical properties of the extrusions and the thicknesses of the oxide 
layer or even the total oxygen content. This point is worthy of expansion. The 
degassing treatments removed the oxygen of the powder (range from 0.55wt% to 
0.16wt%) extrudate to a low level, (from 0.28wt% to 0.074wt%). This indicates that 
there is very little oxide remaining prior to consolidation. What is probably more 
important is not the total oxygen content but how the oxygen is distributed throughout 
the compact.
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2.5.3 The Role of the Surface and Oxide During Consolidations
This section deals with the problems associated with the role of the oxide film in the 
consolidation of powders. One important aspect is the degassing of the material prior 
or during consolidation, although as will be discussed later this maybe avoided.
Aluminium alloys are hydroscopic in nature, therefore, if left in a water containing 
atmosphere they may form hydrated reaction products on their surface e.g. 
A i p ^ H p ,  A120.H20, Al(OH)3 etc.
In powders with the increased surface/volume ratio this effect of water adsorption is 
greatly enhanced. The possible detrimental effects such as blistering in heat treated 
specimens due to this adsorption have been discussed by Kim et al (Kim, Griffith and 
Froes 1983,1985 and 1986), together with the degassing of aluminium powder. 
However, the powders they considered had been produced by air atomization (cf inert 
gas atomization)
Degassing dehydrates the oxide skin, removing hydrated products and possibly aids
the breakup of the oxide by recrystallization reactions. Kim, Griffith and Froes
proposed several reactions which are likely to occur during degassing. These are:
Physisorbed F^O -100C
A120 3.3H20  -> a i2o 3.h2o  + h 2o  )
=150-3000
a i2o 3.h2o  -> a i2o 3 + h 2o  )
ai + h 2o ^ a i 2o 3 + h 2 N
=300-4500
Mg + HjO -» MgO + H2 J
To confirm these reactions, temperature desorption mass spectrometry experiments 
were undertaken. These results are summarised in diagram 2.33 where the two peaks 
of the dehydration of the hydrated aluminium oxide due to the physisorbed and 
trihydrate are clear. Also evident is the increase in hydrogen evolution at about 350C, 
with a higher peak at about 400C.
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Figure 2.33
Degassing of an Air Atomized Aluminium Alloy Powder Showing Residual Gas 
Analysis of Evolved Species (H2O and H2) Against Degassing Temperature
(Kim et al, 1985)
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During degassing the evolution of hydrogen, via the dehydration reactions is of 
primary consideration since these reactions would cause voids and blisters within the 
compact if not fully removed prior to consolidation to full density. This is especially 
important in alloys which are designed to operate at high temperatures. With these 
alloys, if the material is not fully degassed there is the possibility of “in service 
formation” of such voids and blisters with the consequent affect on material 
properties (Pickens, 1981)
A major consideration in the degassing step is the temperature at which the process 
should operate. If the temperature is too high there would be a certain amount of 
degradation of the microstructure (e.g. grain growth, coarsening of precipitates or 
formation of unwanted precipitates.) However, if the temperature is too low there 
could be problems associated with the formation of blisters or voids during 
consolidation or in service. To balance these problems the usual method of 
determining degassing temperature and time is to empirically determine the highest 
temperature that the material will see either during the consolidation process, or 
during the “in service” life and degas at that temperature (Pickens 1981) The 
degassing would then continue for a period of time for which there is little or no 
major degradation in the microstructure determined by empirical methods.
It has been noted that for certain alloy compositions involving volatile elements such 
as magnesium or zinc, if too high a degassing temperature was used these potentially 
useful alloying additions could also be lost.
The effects of excessive heat during degassing will include coarsening of the 
intermetallics in the microstructure and possible grain growth. The net effect of such 
processes are a reduction in the potential properties. As will be discussed later if the 
material is stored in such a way that contamination by water does not occur, a 
degassing step involving excessive heating would probably no longer be required as 
there would be no formation of the hydrated species of aluminium, although it is 
likely there would still be a certain amount of physisorbed water attached to the 
surface of the powder. However, it would still be necessary to remove the “pore 
volume” of gas.
Ackermann et al (Ackermann et al, 1986) have undertaken a study of water 
desorption during the degassing of aluminium powders (7000 series alloy) produced 
by air and inert gas atomization. Both sets of powders were exposed to air prior to
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degassing treatments. The analysis was undertaken by temperature programmed 
desorption using mass spectrometry to determine partial pressures of evolved gases. 
By using activated water (D2O) for some of the “atmospheric” exposures it was 
possible to differentiate hydration from the atmosphere or during the atomization 
process. Their major conclusions are shown in figure 2.34, where “air” atomized 
powders lead to a hydrated oxide, whilst the inert gas atomized powder had only 
adsorbed water on the surface. It was also noted that the helium atomized powder 
which had no hydrated oxides were easier to degas.
Schematic Illustrating the Comparison of the Oxide Layer Formed by 
Atomisation Using Air (top) and Inert Gas (bottom)
(after Ackermann et al, 1986)
One further aspect of the role of the oxide film during consolidation is its ease (or 
otherwise) of breakup during the process. Staniek (Staniek, 1984) reported that for air 
atomized powders the film appeared to be amorphous or microcrystalline in nature 
with a small number of crystallites of YAI2O3 and MgO present within the oxide. One 
surprising property of this film was that while the fragments were strained during 
beam heating, the film appeared to be rather ductile and/or elastic in nature and not 
brittle as would be first thought. This ductile behaviour was reported on a series of 
alloys that had not been heat treated in any way. With alloys that were heat treated the 
fragments tended to be more brittle and further nucleation of the YAI2O3 and MgO 
crystallites were noted. It was concluded that either degassing alters the composition 
of the film in such a way that embrittles the film, or the presence of these phases 
added increased the brittleness of the film. The net result of whether the oxide is 
ductile or brittle determines how easily the film is broken up and redistributed during 
processing. Hence, the brittle oxide fragments are more easily broken up than the 
ductile fragments.
Work undertaken by Schlish et al (Schlish et al, 1987) on the effect of degassing on 
the microstructure of RS aluminium powder has also produced interesting results. Not 
only do these authors discuss the degassing products (i.e. H2O and H2), but also the 
effects of re-exposure with air after a degassing treatment. The results noted 
re-adsorption of water and indicated that such re-exposure should be avoided to 
prevent such processes. The degassing curves were similar for helium and argon 
atomized powders indicating that the effect of species of inert atomizing gas on the 
degassing behaviour is only a minor one. Work on the optimization of degassing 
conditions concentrated with an A18Fe4Ce alloy. This optimization involved 
temperature and vacuum considerations. On heating, the powder showed a release of 
hydrogen upto 580C. Below this temperature precipitation reactions took place which 
caused the coarsening of intermetallics.
Coarsening needs to be avoided in order that the high temperature strength is retained. 
Results indicated that temperature was the critical degassing parameter. This meant 
that complete degassing could only be achieved if the specimen was heated to its 
maximum temperature, with the conclusion that longer degassing times at lower 
temperatures do not lead to complete degassing. The effect of vacuum was also 
investigated, and this indicated, not surprisingly, that degassing in air does not fully 
remove evolved gasses.
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The possibility of the crystallization of the amorphous oxide layer to a crystalline one 
was also discussed although in this investigation only amorphous diffraction rings 
were detected and no evidence of crystallinity of the oxide was noted.
2.5.4 The Role of the Oxide Fragments on the Consolidated Material
Figure 2.35 shows schematically the effect of density on the various properties of 
consolidated materials. Pores act as crack sites, centres of stress concentration, and 
can also enhance crack propagation. Hence, it is essential that all porosity be 
eliminated. However, what is not clear is the effect of the oxide film which will be 
present on the powder during consolidation.
Techniques such as hot pressing or HIP generally give enough material flow to 
locally disrupt the surface oxide films but not to disperse them. This results in weak 
inter-particulate bonding leading to intergranular fracture. The oxide film needs to be 
fully disrupted, probably via some mechanical work, in order that metallic 
inter-particle bonding can take place.Also, the disrupted oxide needs to be fully 
dispersed so that the formation of “lines of weakness” by oxide stringers, which occur 
along the prior particle boundary (PPB), are avoided.
However, work on the dynamic compaction of an atomized 7091 
(Al-6.5Zn-2.5Mg-1.5Cu-0.4Co) alloy undertaken by Sear et al (Sear et al) appears to 
contradict this. It was shown that the density and hardness of the consolidated 
material increased with increasing the energy put into the system (i.e. by increasing 
the projectile velocity). What was surprising is that in fracture tests a crack appeared 
to go not intergranularly (i.e. along PPBs), but transgranularly i.e. through the original 
powder particle. This observation suggests that full interparticulate bonding was 
achieved. TEM studies of the prior particle boundaries indicated the presence of small 
intermetallic precipitates that were rich in Zn, Co, Fe, & Cu compared to those within 
the “bulk” of the powder particle at the inter-dendritic region.
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Schem atic illustrating dependence of tensile strength and duc­
tility on sintered density.
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. Schem atic illustrating dependence of toughness and fatigue life 
on sintered density.
Figure 2.35
Effect of Consolidated Density on Various Properties
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Also TEM suggested that the dendrite structure of the powder stopped at a finite 
distance from the boundary. This observation tends to suggest that surface melting 
and re-solidification had taken place, with the formation of the precipitates discussed 
above. With a heat treatment (523K for one hour), the dendritic structure decomposed 
and internal precipitates grew.These were found to be similar to the precipitates at the 
boundary. The interesting observation was that the precipitates were rich in zinc, 
which suggests that zinc was present in relatively large quantities at the surface of the 
powder particle prior to consolidation. Another surprising feature of the investigation 
was that on heat treatment there was no formation of voids etc. However, the method 
of atomization was not given as well as details of any degassing treatment or storage 
prior to consolidation. It is quite possible that these results would vary with a change 
in any one of the above parameters.
Many mechanical properties will be sensitive to test direction because of the 
continuous PPB oxide stringers that form when the material is not processed 
sufficiently. The PPB oxide stringers are the cross sectional view of the thin area of 
oxide fragments which are located on the stretched powder particle surfaces. Thus, 
the oxide distribution can be described in terms of the PPB area which will increase 
as the amount of mechanical work increases .
Kim et al (1983,1984 and 1986) defined Rg as the PPB area ratio between the worked
material and the cold compacted material (i.e.. unworked material). In the case of 
extrusion this term was approximated by;
where ER is the Extrusion Ratio and AR is the Aspect Ratio of the extruded bar 
cross-section.
[2.37]
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EXTRUSION RATIO
Figure 2.36.
The Ratio of Powder Particle Boundary (PPB) Areas Between Extruded Material 
and Hot Pressed Material as a Function of Extrusion Ratio (ER) 
and Aspect Ratio (AR).(after Kim et al, 1985)
Figure 2.37.
Room Temperature Tensile Yield Strength and NTS/TS Ratio of 
Alloy 7091 as Functions of Extrusion Ratio (ER) in Longitudinal (L) and Long 
Transverse (LT) Directions. (Kim et al ,1986)
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Figure 2.36 shows a series of ER-AR combinations which can lead to the same PPB 
increase, which as indicated earlier, is representative of the degree of oxide 
dispersion. As Rs increases, the oxide fragments will be dispersed over a larger area, 
increasing the inter-oxide spacing. This continues until R s«4 , the oxide fragments 
will be present on the PPB's and the distribution of the fragments will appear as 
continuous stringers. R s has reached its critical parameter when Rs>4. In this case the 
material flow is no longer a simple stretching type of flow but is more turbulent. 
Thus, any combination of extrusion and aspect ratios where Rs>4, essentially 
eliminates PPB's and distributes uniformly the oxide fragments.
During extrusion the oxide stringers, if formed (i.e. Rs<4), will be in the longitudinal 
(L) direction. Hence, the properties in the transverse direction (i.e. T and LT) will be 
particularly sensitive to the presence of any oxide stringers. An example of this is 
shown in fig.2.37, (Kim et al, 1986). In this figure, yield strength (oy), and notched 
tensile toughness (NTT), given by the ratio of notched tensile strength/yield strength 
[NTS/ay] are plotted against the extrusion ratio for two different aspect ratios.
In the case of longitudinal properties both o y and NTS/YS are sensitive to the 
extrusion ratio, and reach constant values at a relatively low extrusion ratio.
Once the powder particles are stretched beyond a certain point, about 7:1 by extrusion 
at any aspect ratio, the mode of fracture is no longer associated with the oxide 
fragments being along the PPBs, since each stringer essentially lies perpendicular to 
the fracture vector.
However, the long transverse (LT) properties appear to be sensitive to both aspect 
ratio and extrusion ratio, their intrinsic values are only reached when the oxide 
fragments are fully dispersed, i.e.. when the critical extrusion parameter is reached. It 
appears that with increasing the combination of extrusion ratio and aspect ratio there 
is no further increase in the mechanical property values.
The most serious problem in trying to produce near net shape articles by Hot Isostatic 
Pressing (HIPping) is the limited plastic deformation that the powder particles 
undergo.
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This is most certainly the case when considering the protective oxide films that are 
formed on aluminium based alloys. Work undertaken by Cline et al (Cline et al, 1979) 
on superalloys (In 100 Ni based superalloy) showed that a very wide range of 
recrystallized grain sizes were observed after HIPping at 1204C for 2 hrs. The 
recrystallization was characteristic of the powder particle had previously grown from, 
and was constrained from growing across the PPB due to the presence of the fine 
oxide fragments which were originally coating the powders. The resulting variation in 
grain sizes ranged from 1 to 100pm, which corresponded closely with the range of 
particle sizes introduced as the feedstock.
In the compacted specimen two ’types' of boundary were found, a so called “clean” or 
internal grain boundary, and inter-powder-particulate grain boundaries, which were 
characterized by fine oxide fragments which pinned this type of boundary. It was also 
found that inter-crystalline fracture took place along this later type of boundary i.e. 
along the PPBs and not along the so called “clean” grain boundary.
The large variation in grain sizes due to this pinning effect resulted in large 
differences in strength and ductility across common grain boundaries, while the oxide 
enrichment at the PPBs was detrimental to achieving the maximum mechanical 
properties. The much stronger large grains, which interface with the very fine, weaker 
grains lead to premature failure at such interfaces.
Schlish et al (Schlish et al, 1987) indicated the effect of degassing on oxides and 
included investigations by Auger Electron Spectroscopy (AES) on the fracture 
surfaces of Al-6Fe specimens which had either been or not been degassed. These 
showed the surface composition of the undegassed, consolidated (hot pressed) 
material to be similar to the “as atomized” powder (i.e. aluminium in both metallic 
and oxide forms). SEM indicated that the material fractured intergranularly along the 
prior particle boundaries. The degassed specimens on the other hand indicated 
aluminium in its metallic form, with the SEM indicating transgranular fracture 
through the former powder particles. This indicates that crack initiation does not 
occur at prior particle boundaries. These studies of degassing revealed that the oxide 
layer was dehydrated and that any adsorbed species were removed.
2.5.5 Model Surfaces and Other Work
Steel Powders
The surface o f RS P M  steels have been studied by N yborg and O lefjord (Nyborg and 
O lefjord, 1988 and 1989). A lthough not directly related to alum inium  based alloys it 
is interesting to consider som e o f  their results. The first im portan t observation is that 
M n and Cr are preferentially  oxidised at high tem peratures during the solidification o f 
the liquid m etal droplets. Their oxides appear as particles on the pow der surface, with 
an average thickness o f  13nm. The thickness and coverage o f  the surface oxide on the 
as-atom ized pow der appears to  be independent o f particle  size, w ith the am ount o f 
surface bonded oxygen a function o f the reciprocal o f the rad ius o f  the particle. This 
indicates a rela tively  constant, average thickness o f oxide layer o f  about 7.0nm . The 
Fe oxidised during atom ization leading to an oxide thickness o f  7.0nm , w hile oxides 
w hich w ere form ed at low  tem perature w ere thinner a t 3 .0nm . These conclusions 
w ere arrived at by ion etch ing  the pow ders, hence the doubts raised  earlier about the 
quantification o f  such da ta  still apply, especially as no allow ance w as m ade fo r the 
spherical nature o f the pow ders.
Segregation effects on  the  pow der surfaces w ere also noted , w ith both alloying 
elem ents and im purities segregating. M n appeared to segregate m ore strongly than Cr, 
although the possib ility  o f  vaporization o f M n was discussed. It w as proposed that at 
very high tem peratures (>1400C ), M n evaporates and is carried  by the atom izing gas 
in front o f  the so lid ify ing  particle . D uring cooling, the M n gas re-condenses and 
oxidises on the surface. Thus a thin layer o f M nO is produced on top o f the previously 
form ed oxides. This idea is supported by the presence o f a h igher M n/C r ratio  in the 
outer m ost layers.
The vapourisation o f  M n is supported by the therm odynam ics o f oxide form ation. At 
tem peratures above 1400C, the carbon present within the steel lim its the oxidation of 
the alloying elem ents. A t these high tem peratures the production o f  carbon m onoxide 
is therm odynam ically  preferred  to that o f the other alloying elem ent. As the vapour 
pressure o f M n is high, (0.02 atm  at 1500C), and also due to the inhibiting effect o f 
the carbon on the oxidation o f  the M n, m etallic M n is evaporated  from  the surface.
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In this w ork the lim iting step o f oxidation w as considered to be the transfer o f oxygen 
from  the gas phase to the  surface. T his w as established from  the tim e the particle 
spent at the solidification tem perature, and after calculating the rate  o f diffusion o f  the 
m etal atom s to the surface. It w as noted that a t these tem peratures the tim e required 
for, for exam ple chrom ium , atom s to diffuse in  the solid state to fo rm  the m easured 
am ount o f oxide was only 1m s, w hile it w as calculated that the pow der rem ained at 
that tem perature for 18ms. H ence, it was determ ined that d iffusion  o f  the m etallic 
species was not the rate  determ ining step. How ever, from  a m ass transfer analysis, the 
transfer tim e o f oxygen to form  this oxide w as 10ms, at a  partia l p ressure  o f  5Pa 
(50ppm), which is o f the sam e order o f time.
By studying the su rfaces o f  pow ders in  the conso lidated  m ateria l N yborg  and 
O lefjo rd  (N yborg and  O le fjo rd , 1988) no ted  that the p ro p ertie s  o f  the fina l 
consolidated  m aterial depended  to  a great extent on the H IPping  tem perature. The 
m artensitic steel pow der w as H IP ped  at three different tem peratures, pressures and 
tim e (770C /150M Pa/8hr; 1000C /50M Pa/2H r and 1150C /150M Pa/2hr). T he low er 
tem peratures w ere used  to investigate  fracture  along the p rio r partic le  boundaries 
(PPB s), hence it w as p o ssib le  to study the reaction  p roducts  fo rm ed  on these 
interfaces. D uring consolidation at 770C , the M n and Cr oxides form ed on the surface 
o f the pow der during atom ization coarsened. A t the low er H IPping tem peratures Si, 
V , and nitrogen diffused to the PPB s and form ed com pounds. A fter com paction at 
1000C, no M nO  w as detec ted  on the fractu re  surface ind icating  that this oxide is 
reduced  at the high tem pera tu re . By raising  the H IPping tem pera tu re  to 1150C, 
densification was enhanced and  no PPB s were noted, indicating that trans- granular 
fracture occurred. The effect o f im purities w as also discussed (N yborg and Olefjord, 
1986). It w as noted that C r & M n su lphides w ere form ed on the surface o f  the 
pow der, though no phosphorous based com pounds were detected.
Surface studies o f RS steels has also been reported by A m berg and K arlsson (A m berg 
and K arlsson, 1988). A  m artensitic  chrom ium  steel was n itrogen atom ized and the 
pow der oxidised by con tro lled  heating in  air w ith various oxygen  concentrations 
(150,200 & 250 ppm ). T he pow ders w ere  H IPped  and the ten sile  and  im pact 
p roperties investigated . T hese  p roperties  w ere then com pared  w ith  a reference  
m ateria l (produced from  u n -ox id ised  pow der with an oxygen  concen tra tion  o f 
lOOppm). It w as noted  that the  y ield  and tensile  strengths w ere not sign ificantly  
effected by surface oxidation. H ow ever, the im pact and ductility  o f the  com pacted 
m ateria l w ere sign ifican tly  e ffec ted , even  at the low est ox idation  pa ram ete r o f
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150ppm . It w as concluded that w ith H IPped m aterials the oxide layers broke up into 
netw orks, and  the density  o f  these  ox ide  fragm ents increased  w ith  increasing  
ox idation  tim e. T he fracture o f  the m ateria l produced  from  the oxid ised  pow der 
s ta rting  m ateria l generally  fo llow ed  the  p rio r particle  boundaries. T his in  turn  
p roduced  a dram atic  decrease in  the ductility  and im pact strengths. It therefo re  
fo llow s that in order to produce successful consolidated m aterial from  steels, using 
H IP  technology, it is necessary to produce pow ders with low oxygen content (and low  
oxide concentrations), and to ensure that surface oxidation is prevented during  the 
further processing o f  this powder.
Planar Aluminium Surfaces
In  th is section w ork on pow ders should  be considered together with w ork on m odel 
m ateria ls  such as alum inium  fo il and m elt spun ribbons. O lefjord  and K arlsson  
(O lefjo rd  and K arlsson  1986) in v es tig a ted  tw o a lum inium  fo ils  w ith  d iffe ring  
m agnesium  concentrations (12 & 48ppm ) during annealing in the tem perature range 
260C  to 460C.
The thickness o f the oxide film  w as calculated  using the ratio o f the Al3+ peak  to the 
A l° peak. The thicknesses was 3.6nm  on the foils in the “as produced” annealed and 
a t 260-300C  condition . A t the  h ig h er tem peratu re  (400C) a th icker ox ide w as 
produced , in the range 5.6-6.5nm . A s a com parison the oxide thickness o f  a  room  
tem perature, air form ed oxide layer on  the surface o f ion etched alum inium  foil w as 
m easured and ranged from  1.2nm after 1 m inute air exposure to 1.7nm after 4  days air 
exposure.
In  the sam e work, the im purities Li, N a & M g were all strongly enriched in the oxide. 
L i enriched about 40 tim es com pared w ith the bulk concentration while M g enriched 
about 6 times.
In  the study o f  Joshi e t al (Joshi et al, 1986), a com plex Al-Li-Be alloy w as m elt spun 
and the surfaces w ere investigated using AES. alum inium  was present throughout the 
en tire  oxide but in concentrations low er than in the bulk. L i w as also found  to be 
present in a surface as a lithium  rich oxide layer follow ed by a well defined beryllium  
rich  oxide layer. This indicated  that preferential oxidation o f the alloying elem ents 
had taken place. From  the free energies o f  oxide form ation it w ould be expected that 
B e w ould  form  its oxide in  preference to Li. The evidence that L i oxide is at the 
surface tends to indicate that L i has d iffused m ore rapidly through the oxide relative
92
to Be. T hus on  a purely  therm odynam ic argum ent the  observed  layered structure 
could not be explained.
The oxide th icknesses o f  these ribbons w ere estim ated to  be in the region 15-50nm, 
far thicker than the foils discussed earlier. H ow ever, it w as noted that the “air facing” 
side o f  the ribbon  exhib ited  roughly  tw ice the oxide th ickness com pared w ith the 
“wheel facing” side.
2.5.6 Conclusions
This section  has illustra ted  the extent o f earlie r w ork  on the surfaces o f rapidly  
solidified m aterials. Im portant aspects have been h ighlighted  including oxide layer 
thickness considerations and possible segregation to the surface layers o f the alloying 
elem ents. T he next section discusses further th is segregation and  proposes possible 
theoretical considerations to explain such phenom ena.
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2.6 Segregation
2.6.1 Introduction.
M agnesium  segregation has been determ ined by XPS on the surface o f alum inium  
foils and w as attributed to grain boundary diffusion o f m agnesium  through the natural 
alum inium  oxide (Ebel e t al, 1988). A lso m agnesium  has been detected  in the surface 
oxide o f air atom ized 7091 and nitrogen atom ized PM 64 alum inium  alloy powders 
(Bohlen et al, 1986). O n the other hand m anganese and iron could  hardly be detected 
on the surface o f  m elt spun ribbons o f  A l-M n and A l-Fe alloys although m agnesium  
and lithium  which w ere present as im purities were found to segregate to the surface. 
In these m elt spun ribbons surface segregation was extended over a depth o f  20 nm  on 
the side facing the w heel and o f 50nm  on the air facing side. In  o ther experim ents the 
a lloy ing  elem ents m anganese  o r chrom ium  w ere not de tec ted  on the surface o f 
ultrasonically gas atom ized A l-M n-C r pow der (Olefjord and N yborg, 1988). Clearly a 
rationalization o f the available data  is required in order to determ ine to  w hat extent 
alloying elem ents w ithin an atom ized pow der segregate to the surface. In the case o f 
alloying elem ents such as M g or L i, there is a driving force fo r segregation to the 
surface. How ever, w ith elem ents such as Fe, Cr or M n, there appears to be an absence 
in the surface layer (5nm ). This chapter w ill review  possible theories to explain these 
effects, and ind ica te  som e o f  the  p rob lem s associa ted  w ith  the study o f  non 
equilibrium  structures as obtained by the RS techniques. In this introduction, it should 
be noted that segregation/depletion is only considered during the controlled stages o f 
pow der production. The loss o f for exam ple lithium  from  the surface due to oxidation 
processes will not be exam ined.
2.6.2 Segregation Theories
Norm ally surface segregation is studied under equilibrium  conditions for the entire 
system , bulk and  surface w here the driv ing force fo r su rface  segregation is the 
lowering o f the total free energy o f  the system  due to surface free energies that favour 
the form ation o f an enriched surface layer.
In alloys at tem pera tu res below  their m elting  point, eq u ilib riu m  segregation is 
attained by solid state diffusion. H ow ever, during solidification there is a segregation 
m echanism  that w ould cause surface segregation even w hen the surface energy does 
not favour the form ation o f  an enriched layer at the surfaces. A ccording to Burton and 
M achlin (Burton and M achlin, 1976) surface segregation is related  to the equilibrium  
distribution o f solute and should occur at the solid/surface equilibrium , if  and only if,
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distribution occurs in the solid /liquid  equilibrium  so that the liquid  is richer in solute 
than the solid phase.
B inary  alloys w ith a  p a rtition  co effic ien t k < l  should therefore  exh ib its  surface 
segregation w hich should be m ore pronounced  when the alloy has a  large freezing 
range. N o surface segregation w ould  thus be expected in alloys w ith k > l (Burton and 
M achlin, 1976).
Solu te red istribu tion  that occu rs at the solid /liquid  in terface can  cause solute to 
accum ulate in the last to freeze liquid . A pplication o f the p lane fron t solidification 
m odel cou ld  only describe  q u a lita tiv e ly  the red istribu tion  o f  so lu te  during  the 
solid ification  o f pow ders and its use w ould  also depend on the a tta inm ent o f  near 
equ ilib rium  conditions at the advancing  solid /liquid  in terface, a cond ition  w hich 
m igh t not be alw ays true in  RS alloy pow ders. A lternatively, the  th ickness o f  the 
enriched  zone could  serve as a param eter w hich could allow  one to d istinguish  the 
surface layer form ed by solid state diffusion from  that form ed by solute redistribution 
(Ross an d K ear, 1978).
Indeed, in  the form er case surface forces can only act over a few  atom ic distances so 
that the expected  th ickness w o u ld  not exceed  ln m  w hile in the  la tte r case the 
thickness o f  the surface layer by solute redistribution will depend on the diffusivity  o f 
solute and the cooling rate and w ould  exceed lnm .
V arious investigators (O lefjord and N yborg, 1988; Csanady et al, 1988) have reported 
thicknesses in  excess o f  7 .5nm  and 20.0nm .These results together w ith the change 
w ith cooling rate o f  the thickness o f  the  solute enriched/depleted layer in A l-M n and 
A l-Fe m elt spun ribbons (C sanady e t al, 1988) are all consisten t w ith  the solute 
redistribution m echanism .
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The surface segregation o f an alloying elem ent over its bulk  concentration in  the alloy 
is  re la te d  to  the com position  dependence  o f  the su rface tension by the G ibbs 
adsorption theorem  which im plies that a  com ponent o f  the alloy should segregate to 
its  surface if  the surface tension decreases w ith increasing  concentration  o f that 
com ponen t. B elow  the ca lcu la tion  o f  the  E nrichm en t F ac to r is g iven  fo r the 
alum inium /m agnesium  system.
A ccording to the G ibbs adsorption theorem  the enrichm ent factor 6S can be defined 
as:
w here F s QjZ is the quantity o f solute in one atom ic surface layer (moles/area), X b the 
bulk solute concentration (mole fraction), y  is the surface tension, R the universal gas 
constant and T  the tem perature.
F or an ideal solution Hondros (Hondros, 1980) has shown that
w here yv y2 ar® the surface tensions o f solvent and solute respectively.
V ariations o f y  w ith M agnesium  content have been reported by G arcia-C ordovilla et
al (G arcia-C ordovilla et al, 1986) in liquid A l-M g alloys at 975K  for the unoxidized 
and oxidized cases. U sing their data given in table T2.7 below  the slope dy/dXMg has
been calcu lated  to be equal to -3 .117 J .m ^ .m o l"1 and -1.414 J .m ^ .m o l ' 1 fo r the 
unoxidized and oxidised cases respectively.
[2.38]
[2.39]
Alloy (at%) 
Al-Mg
0
0.9
3.32
5.52
8.8
Ylv (mj.m*2) yLV (mj.m'2)
unoxidized oxidized
1122
1100
1070
1042
1014
869
856
822
798
781
Table 2.7
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At infinite dilution:
p s = l /N iy3V2/3
1 o,Mg l/iy v
where N  is A vogadro’s num ber and V is calculated using the density  value o f liquid 
m agnesium  at 975K  thus giving
r s = 1.923 x 10‘5 m ol.rn '2o.Mg
Substituting these values in  the above expression [2.39] gives Bs equal to 21.4 or 95 
for the unoxidized and oxidised cases respectively.
Sim ilarly an approxim ate value for Bg o f  6.5 fo r Zinc has been calculated using the
surface tension data in Garcia- Cordovilla et al, (Garcia- Cordovilla et al, 1986), thus 
indicating enrichm ent o f  Zinc on the surface o f  liquid alum inium . U se o f equation
[2.39] above and the data  for y v  y2 from  Sm ithells (Sm ithells 1976) gives the Bs
values fo r the un oxidised and oxidised cases. These results w ill be used in chapter 8.
A pplication  o f th is theorem  is d ifficu lt because very  little  is know n about the 
com positiona l d ependence  o f  su rface tension . T hus a num ber o f  a lte rnative  
approaches have been proposed to predict w hether segregation can occur. Reference 
has already been m ade above to  the ideas o f  B urton and  M achlin  (Burton and 
M achlin, 1976).
Tsai and Pound  (Tsai and Pound, 1970) have p roposed  that surface segregation 
depends on the difference in atom ic volum es o f  the two pure com ponents o f an alloy 
so that w hen the solute atom  is larger than the solvent atom  the elastic energy is large 
enough to give rise to surface segregation in  a dilute alloy. A lternatively H ondros 
(H ondros, 1980) has pu t forw ard  a broad generalisation surface tension rule which 
states th a t ;
(1) In any binary  liqu id  system , the com ponent w hich segregates in  the 
surface w ill be the one with the low er surface tension and
(2) Surface segregation increases w ith increasing difference betw een the 
surface tensions o f the two com ponents.
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The three theories o f B urton and M achlin, Tsai and Pound and H ondros can at present 
provide possible explanations o f  the segregation effects detected  on RS pow ders. In 
order to determ ine w hich o f  the 3 approaches is applicable to the experim ental results 
m ore  d e ta iled  stu d ies  are  req u ired . H ow ever, from  the  th ree  th eo ries , the 
generalizations o f  H ondros are very  broad, and it is likely  that these w ill fit m ost 
cases.
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2.7 Conclusions Following the Literature Survey.
S everal options are availab le  fo r the  study o f  the surfaces o f  rap id ly  so lid ified  
powders. These include studies o f  the oxidation processes taking p lace on the surfaces 
o f  RS alum inium  alloy pow ders, by m easuring the oxide th ickness on RS pow ders, 
and com paring it w ith the oxide thicknesses obtained on rapidly  solid ified  and non- 
rapidly  solidified alum inium  alloys. Thus it should be possib le to establish  possible 
oxidation m echanism s and m odify, if  required, present theories to account fo r it.
A lso it is required to quantify  the surface segregation o f alloying elem ents, determ ine 
how  deep below  the surface segregation occurs, w hich alloying elem ents segregate, 
and to  w hat extent. Thus it should  be possible to  propose suitable m odels to explain 
the segregation effects, and predict w hat elem ents are likely to segregate.
In order to achieve these aim s it is also required  to establish a protocol fo r the study 
o f RS pow ders by X PS/A ES, includ ing  collection, storage and transport o f  pow ders 
to a suitable analysis technique. In  particu lar suitable techniques are requ ired  fo r the 
m ounting  o f pow ders and  p ro toco ls  fo r surface analysis inc lud ing  reduc tion  o f 
charging effects, the absence o f  'm ounting  m edium ' photo-electron peaks, su itable 
optim ization o f XPS equipm ent and  finally  the interpretation o f the resu lts including 
estim ates o f oxide thickness to be obtained.
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Chapter 3
Inert Gas Atomization at The University of Surrey
3.1 Introduction
T he atom izer in use a t the U niversity o f Surrey has already been described in  chapter 
2.2.1. This chapter w ill concentrate on alloy preparation and on the operation o f  the 
atom izer. Typical features o f the produced pow ders w ill also be given.
3.2 Alloy Preparation
B inary  alum inium  alloys w ere chosen w hich w ere also o f interest to o ther research 
program m es in the departm ent.
T able  T3.1 gives the alloys and pow ders investigated  _ in  _ this thesis, w ith details o f 
sources and im purity  levels (where applicable).
The alloys w ere p repared  using high purity  alum inium  and m aster alloys, o f w hich 
the Al~10wt% Cu and A l-20w t% M g alloys w ere provided by the British N on-Ferrous 
(BN F) M etals T echnology Centre, W antage. The alloys w ere m elted under argon 
ex ternally  to the atom izer and pored  in to  a  specially m anufactured m ould. The ingot 
w as designed to fit into the crucible w ithin the atom izer, w ith the necessary gap fo r 
the stopper rod. The w eight o f the charge w as 2-3Kg.
3.3 High Pressure Gas Atomization
Prior to  atom ization the entire apparatus (including cyclone and collection box)w as 
thoroughly cleaned and dried. This is possible in the Surrey atom izer since it has been 
designed so that all areas are easily accessible. Careful cleaning o f the atom izer w as 
considered  essen tia l in o rder to  p rev en t c ross contam ination from  a p rev iously  
atom ized alloy.
The ingot w as p laced into the crucible and the lid  o f  the apparatus firm ly bolted  on. 
T he  equ ipm en t w as evacuated  overn igh t by the action o f  a ro tary  pum p, and 
back-filled w ith laboratory grade argon gas.
T he charge w as slow ly heated by the rad io  frequency  heating  coils. W hen the 
requ ired  superheat (and soaking tim e) had  been achieved the upper cham ber w as 
over- pressurised w ith argon and the cyclone activated.
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Code Actual Cone 
(Wt%)
Impurities 
Zn(ppm) Mg(ppm)
Source
1. A l-2.4Cr 2.5Cr 1420 10 In House
2. A l-5.6Cr 5.6Cr 24 14 In house
3. A l-3.5Cr 4.1Cr 10 200 In house
4. Al-20M g 20.2M g 69 BN F
5. A l-5M g 5M g BNF/In House
6. Al-lOCu lOCu 25 90 BN F
7. A l-4Cu 4Cu 29 22 BNF/In House
8. A l-2Cu 2Cu 54 14 BNF/In House
9. A l-lC u lC u 12 11 BNF/In House
10. Al-0.5Cu 0.5Cu 14 17 BNF/In House
11. A l- lZ r IZ r 466 200 In House
12. A l-8Fe 8.3Fe 30 80 In House
13. Al-2Fe 2Fe 19 10 In House
14. A l- lH f 1.7Hf 40 100 Alcan/In House
15. A l-2H f 2.0H f Alcan/In House
16. Al-Li 2.5Li Alcan/In House
COMPLEX ALLOY
1. Lital'A ' Al - 2.5w t% Li, 1.2wt%Cu, 0.12w t% ,Zr , 0.6w t% M g - bal Al Alcan
Table T3.1 Alloys Investigated in this Project.
The stopper rod  w as then raised, allow ing the m elt to flow  through the nozzle and 
im m ediately  a fte r the m elt stream  was v isib le  em erg ing  through  the nozzle the 
atom izing gas (helium ) was activated thus fragm enting the m elt stream. The pow der 
and gas w ere separated  at the cyclone with the helium  gas d irected  to the exhaust 
w hilst the pow der w as co llected  w ithin the co llection  box. D uring  atom ization, 
p ressures in  the upper and low er cham bers o f the a tom izer w ere m onitored and 
recorded on a chart recorder, as were the tem peratures at the nozzle tip and o f the 
melt. U sing this inform ation it was possible to vary  the pressure o f the atom izing gas 
in order to optim ize the atom izing process.
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The stopper rod w as low ered  at the end  o f a particu lar atom ization run prior to the 
exhaustion o f the m elt, fo llow ed by halting the atom izing gas and finally the cyclone. 
The system  was then allow ed to cool, and the collection box w as isolated by the ball 
valve above it. (see figure  2.8.) The co llection  box w as then rem oved and opened 
w ithin  an argon filled  g love box w ith  oxygen concen tra tion  at the sam e level as 
during atom ization thus ensuring a low  contam inate atm osphere. Sam ples o f pow der 
were loaded into m etallic  containers w hich had a tightly fitting press cap and a screw 
top. Sam ples for surface exam ination w ere also prepared at this stage.
3.4 Characteristics of the Powders
D etailed characteristics o f all pow ders produced at the U niversity  o f Surrey in relation 
to this particular p ro jec t w ill not be given here. H ow ever, the results from  a selected 
alloy pow der (L ital ‘A ’) w ill illustrate  the general characteristics o f the pow ders 
produced.
Figure 3.1 10pm
Typical SEM Image For a Rapidly Solidified Lital ‘A’ Powder
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Figure 3.1 shows a typical SEM  im age o f pow ders o f a lith ium  contain ing  alloy 
L ita l ‘A ’ im m edia te ly  a fte r  a to m iza tio n . In th is case  there  is  little  su rface  
m orphology, i.e. the pow der is relatively  smooth apart from  the appearance o f cells at 
the surface. The powders are highly spherical indicating that solidification took place 
in free flight (and probably under conditions o f low oxygen partial pressure). It is also 
noticeable that there is  a large num ber o f  sm all particles attached  to larger ones, 
generating a satellite configuration. It is apparent that in som e cases a sm all solid 
particle has collided with a larger, still m olten particle and has initiated  freezing.
A typical size d istributions fo r the  L ita l 'A ' pow der obtained from  a M alvern  1800 
laser granulom eter, were given in  figure 2.14. Two size distributions are shown in this 
figure before and after agitation w ith in  an ultrasonic bath for 20 m inutes. The initial 
m edian d iam eter is o f  the o rder o f  30p.m, w hich is o f the o rder p red ic ted  by the 
L ubrnska  correla tion  (see section  2.2 .2). A fter the d ispersion  p e riod  the m ean 
diam eter is shifted to about 15p.m, w hich is due to the detachm ent o f satellites. The 
m easured  m ass fraction  o f  sub 5fim  pow der for this pow der w as 7 .5% , w hich 
indicates a large num ber o f very  sm all particles. How ever, the particu lar technique 
utilized for size analysis was not capable o f  reliably differentiating betw een particle 
sizes in this regim e.
In sum m ary the pow der exhibited the m ost frequent size in the order 15-30p.m, w ith a 
few large (>80p.m) particles and a significant volum e fraction in the sub 5 pm  range, 
m any o f w hich are in the form  o f easily  detached satellites. This w ork w as first 
reported by Clyne et al (Clyne et al, 1984a).
For any m athem atical analysis o f  heat flow  etc this result indicates that it is only 
necessary to consider pow der d iam eters up to 100pm , w ith the m ajority  o f  pow der 
size o f  in terest in the 15-30p.m size range. In this w ork the typical m ass m edian 
pow der diam eter was reduced to 12p.m, and the size distribution has becom e sharper 
as discussed earlier.
Typical m icrostructures (R icks e t al, 1985, Von-Bradsky and Ricks, 1987) obtained 
on u ltra-m ictro tom ed  specim ens o f  the L ita l ‘A ’ pow der in the “ as p roduced” 
condition are given in figures 3.2a& b. The pow der was em bedded in  resin . For the 
sm allest particles segregation free pow ders m aybe produced as in figure 3.2a. H ere 
the bands are caused by thickness variations and stresses w ithin the pow der form ed
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during the specim en preparation. W ith the larger particles cells m aybe form ed (figure 
3.2b), w ith the possib ility  o f segregated  phases produced . In sum m ary typical RS 
m icrostructures were produced in pow der o f the L ital 'A '.alloy
a
0 25pm
0.25pm
Figure 3.3. Typical Microstructures of Lital ‘A’ RS Powder Obtained by TEM 
a: Smallest Powders Exhibit Segregation Free Microstructure, 
b: Cellular Structure Obtained on Larger Powders (25pm)
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Figure 3.3.
SEM Image Illustrating Change in Surface Morphology on a Lital ‘A’ RS Alloy 
Powder after Storage for 3 Months. (Compare with Figure 3.1)
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3.5 Detrimental Effects on Powders
A t the early stages o f this p ro ject the  L ital ‘A ’ pow der described above w as stored in 
a poorly  sealed m etallic  con ta iner fo r 3 m onths in a laboratory  a tm osphere and  re ­
exam ined  by SEM . F ig u re  3.3 illu s tra tes  the d ram atic  change  in  the  su rface  
m orphology. The form ation o f  p latelets indicated a corrosion product, probably  due to 
the presence o f lith ium  at the surface.
Li Is
binding energy CeV)
Figure 3.4a
XPS Spectrum of L ils Peak on L ita l6A’ RS Powder Showing Well Defined XPS
Peak.
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CIS; adventitous carbonCC-H ,C-C)
binding energy ( eV)
Figure 3.4b.
XPS Spectrum of C ls Region on Lital ‘A ’ RS Powder showing C 03^“ Shoulder 
Prelim inary surface analysis using  XPS showed:
(1) The enrichm ent o f  lith ium  at the surface in greater concentrations than in  the 
bulk alloy (figure 3.4a) and
(2) T hat this lith ium  w as in  the fo rm  o f  lith ium  carbonate , de tec ted  by the 
presence o f a shoulder on the C ls  peak (figure 3.4b).
T his investigation w as not co n tin u ed  up as it was decided that the  a lloy  w as too 
com plex  to study from  firs t p rin c ip le s . H ow ever, these resu lts  p o sed  im portan t 
questions worthy o f investigation. T hese were:
(1) Thickness o f  oxide layer o f  the pow der, how it was form ed and how  it varies 
with alloy com position and  exposure.
(2) Com position o f the pow der surface, and how it varies w ith alloy com position.
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A second  exam ple  o f possib le  d e trim en ta l e ffec ts produced w ith d irec t 
relevance to the surface was ob tained  by the heat treatm ent o f a consolidated  
L M 10  a lloy . T h is  alloy  (A l-1 0 w t% M g ) w as a tom ized  at S urrey  and  
consolidated  by CO N FO RM  at Springfields Labs., Preston. The effect o f  tw o 
heat treatm ents (350C & 400C  for 24hours) is show n in figures 3.5a-c w ith  
3.5a referring to the “as consolidated” m aterial.
T he su rface  b lis tering  is d irecd y  a ttr ib u tab le  to the degassing reac tio n s  
described earlier in chapter 2.5. The pow der had not been carefully stored, and 
no degassing  treatm ent undertaken  p rio r to the consolidation process. T his 
exam ple  show s clearly  the de trim en ta l e ffects o f  not considering surface 
reactions prior to consolidation. A th ird  question thus became im p o rtan t:
(3) E ffec t o f  hydration o f the oxide layer (either physi or chem isorbed), and the 
effects o f alloy com position on hydration characteristics.
a b c
A - 'S r r \ f r ^ r
Figure 3.5 Effect of Heat Treatment on Consolidated, Undegassed LM10 Powder.
a: As Consolidated; b: 24Hrs/350°C; c: 24Hrs/400°C Heat Treatments 
Note - Blistering on the Surface of the Consolidated Material
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3.6 Summary
Pow ders can be successfu lly  produced by high p ressu re  gas a tom ization  at the 
U niversity  o f  Surrey  w ith the correct m icrostructure and usefu l size distribution. 
H ow ever, during  prelim inary  studies on the surfaces o f  the pow ders detrim ental 
effects w ere noted. Points which need investigation include:
(1) O xide - Thickness, com position and variation w ith alloy com position, 
tim e and exposure m edium . H ow  is the oxide form ed?
(2) Surface Chem istry - V ariance w ith “B ulk” com position, prediction o f 
elem ents likely to segregate to the surface.
(3) H ydration  - D etrim ental effects, and possib le  rem edies (degassing). 
Effect o f  alloy com position?
The follow ing chapters investigate these points. R elevant detailed  protocols for the 
surface exam ination o f pow ders by surface analysis techniques are also given.
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Chapter 4
Preliminary Surface Analysis Experiments
4.1 Surface Analysis Equipment
The m ajority  o f  the su rface  analyses undertaken in th is p ro jec t u tilised  a VG 
Scientific ESCA3 M k II, in terfaced with a D igital PD P8e m idi-com puter as illustrated
O
in figure 4.1. In all cases the base vacuum  was better than 5x10 m bar and either an 
alum inium  A lK a  or a m agnesium  M g K a  X-ray source was used.
Som e experim ents were undertaken on a VG Scientific ESC A LA B  M k II, which is 
interfaced to a D igital PD P11 com puter. The advantages o f  this system  was a faster 
processing tim e and sequential analysis o f several sam ples. H ow ever, the com plex 
curve fitting routines that are installed  on the University o f Surrey P R IM E  com puter 
could not be easily used.
Figure 4.1.
V.G. ESCA 3 M kll Surface Science Instrum ent.
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4.2 Oxide Thickness Measurement
4.2.1 Introduction
A n im portant param eter to be considered in  all surface analyses o f alum inium  based 
m ateria ls is the estim ation o f  the “ natural” oxide thickness. W ith  XPS this can be 
achieved easily from  m odifications to B eer-Lam bert type expressions, and accurate 
curve fitting  o f alum inium  photo  e lectron  peaks. This prelim inary w ork  considered 
only  p lanar specim ens and consequen tly  only expressions relevant to  th is w ill be 
developed here.
4.2.2 Development of Oxide Thickness Calculation
In order to obtain estim ates o f oxide thickness, m odifications to the p lanar intensity 
equations w ere undertaken using the expressions o f Cross and D ew ing (Cross and 
D ew ing, 1979). As described in  section 2.3, the general expression fo r the num ber o f 
electrons received from  a given subshell o f  elem ent z is given by:
I  = J sind>D a  fe x p (—— — )dx.IC .exp(— —— )  ...[4.1]
z z  Z J  \ s i n 07 \ s m &
H ere J is the incident photon flux, cp the angle this m akes to the sam ple surface, (01 is 
the electron take o ff angle, D z is the atom  density o f elem ent z, Xz  the electron m ean 
free p a th ,a z is the photo electric cross section for the relevant subshell and K  is the 
instrum ental response factor.
T he first exponential term  represents the electron attenuation factor, w hile the second 
represents the attenuation o f z electrons by a contam ination layer o f thickness d. This 
expression can then be used to derive  equations for the intensity  o f  photoem ission 
from  a m ulti- layered system  such as illustrated in figure 4.2.
F rom  equation [4.1] the in tensity  o f  photoem ission  from  an in fin ite  th ickness o f  
elem ent z w ithout an overlaying contam ination layer is given by:
F°(z)= J sin<X>Dz.azA z sinG.K ...[4.2]
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Figure 4.2.
Multi-Layered System for Use With the Development of Intensity Equations
(after Cross and Dewing, 1979).
The corresponding expressions for the m ulti-layers are:
IadS(Z)=I" (*> ^
lsand(z)=I“ (z )% M [  1-exp( 'd'i9nd ) ]  .  exp((d+dads ) )
^ •Sm9 Asinefc
b(z)=I“ (z) . e x p (d+dllds+d'iand)
U t Az.sin0
...[4.3]
...[4.4]
..[4.5]
H ere labs Isand and Isub are the intensities from  the adsorbed, sandw iched and substrate 
layers respectively  w ith  depths d abs and dsand referring to the adsorbed and sandw ich 
layers. D ab s , D Sand and D sub is the  atom  density  fo r the absorbed, sandw ich  and
substrate layers
Implicit in the use of these equations is a fixed value of,0 '
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For the estim ation o f  oxide th icknesses the tw o im portan t equations are [4.3] and 
[4.5]. T aking  the ox ide film  to  be the term  invo lv ing  the “ adsorbed” layer, the 
thickness o f the oxide film  equals dads in this case.
As there is no sandw ich layer, term s involving this layer can  be neglected. A lso if  it is 
assum ed that the contam ination layer due to carbon is very thin com pared to the oxide 
thickness, i.e. d«dads, and that d«X the term  d  can also be neglected.
Hence the two expressions can be sim plified to:
W z ) = r * ( z ) 5 j £  [ l - e x p f ^ - ) ]  ....[4.6]
L sm fi
Is„b(7. ) = r ( z )  % i& .e x p (  • tladsA)  ...[4.7]
D* A7.s in0
Assum ing that D SUb~Dads~D z, the EM FP X for the adsorbed and substrate layers are 
equal (i.e. Xz = ^ (su b s tra te )  = Xz(adsorbed). Also the intensities o f  the infinitely thick 
layer for both the adsorbed and substrate layers are equal (=I°°). By re-arranging:
dads — Xz.sm 0.In ( f c S S * 1)
In this case if  we assum e that the adsorbed layer is the oxide layer as form ed on an 
alum inium  substrate, the in tensities o f the adsorbed layer and the substrate directly 
relate  to the in tensities o f  the peaks due to ionized alum inium  (Al3+) and m etallic 
alum inium  (Al°), w ith the electron m ean free path referring to alum inium . Expression 
[4.8] can then be rew ritten:
doxide = X.A|.sin0.1n ( + l )  ...[4.9]
where Iai(3+) and Iai(O) refer to the intensities o f the ionized and m etallic alum inium  
respectively.
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Therefore for an estim ate o f  oxide thickness on an alum inium  surface, two param eters 
are required. F irstly an estim ate  o f  X, and secondly the ratio  o f  in tensities o f  A l° and 
A l3+. T he value o f  X has a lready  been d iscussed  to be 2 .05± 0 .25nm  fo r A12p 
electrons, while curve fitting can give the latter param eter in units o f  counts/ev/sec.
4.2.3 Curve Fitting Program
In all th is w ork the p rogram  used  fo r curve fitting o f  the experim en tal data  w as 
originally developed by L aderer and the package subsequently m odified  by B aird and 
then Richardson at the U niversity  o f Surrey. The package is run  on the P R IM E  550 
com puter a t the U niversity  o f  Surrey. The com plex curve fitting  program  is held 
w ithin a large data processing package developed m ainly by Richardson.
The curve fitting routine called  G A M ET, relies on a non- linear least squares m ethod 
o f  fitting  the experim ental da ta  w hich has been previously read  in to  the routine. The 
data is transferred directly  from  the particular surface analysis m achine in operation, 
as an array o f counts w ith lines o f  indentifiers.
T he peaks can be fitted  w ith  a  vary ing  shape from  100%  G aussian  to 100% 
Lorenzian, which in turn can be further m odified by the addition o f  subsidiary peaks 
that m ay occur due to X -ray satellites in the exciting radiation.
A nother useful feature is the ability  to choose the type o f background follow ing an 
individual peak. The tail can be fixed to be constant, exponential o r a  m ixture o f  the 
two. The tail height rela tive  to the peak  height as a percentage is referred  to as the 
electron energy loss tail height (ELTH). The base line slope and intercept can be fixed 
or calculated by the program , this final option enables the variation o f the background 
to be follow ed for each individual com ponent within the spectrum  w ith the ability to 
gain som e inform ation about the thickness and concentration o f  an overlaying layer.
P aram eters that can also  be fixed  by the user as input d a ta  to  the  p rogram  fo r 
individual peaks include:
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( 1) Position.
(2) Full w idth at ha lf m axim um  (FW HM )
(3) Intensity (Having fixed  the intensity, the intensity
ratio o f two peaks can  also be fixed.)
(4) Separation from  other peaks in  the spectrum.
(5) W indow o f peak positions.
T he program  allows the user to estim ate  the above param eters, and calculates in  an 
ite ra tive  m anner param eters FW H M , In tensity , position  and background  ( if  not 
determ ined as “fixed” by the user) and fits them  to the data points o f the m easured 
spectrum . The calculation term inates when:
(1) The param eters have been fitted to the best fit.
(2) A preset num ber o f iterations have been reached.
(Generally 25)
(3) The “fitting” is diverging from  the experim ental data.
T he calculated spectrum  is bu ilt as a  convolution o f the fitted peaks and their tails. 
T he calcu lated  spectrum  is then m athem atica lly  com pared w ith  the experim ental 
spectrum  and the “quality” o f  fit assessed by the value o f X 2 (Chi-Squared), given by:
x » ( ^ ) . x [ T ' (^ f e a w ] ‘  .44.10]
n
W here Y (meas) = the experim ental count rate.
Y (calc) = the curve fitted count rate.
n = num ber o f  points in the fitted region o f the spectrum .
D uring  the running o f the routine estim ates were m ade o f  the starting values o f  the 
variables indicated above. This inform ation w as held in a “G A M $filenam e” file.
This file also holds the raw  experim ental data  and a com plex set o f  variab les w hich 
control the way in which the program  m odifies the peak param eters during fitting.
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A fter the “G A M $filenam e” file has been  set up  it can still be easily  accessed to 
m odify the original estim ates o f the peak  param eters before it is finally read or re-read 
into the fitting  routine.
A fter the  com pletion  o f  the fitting  rou tine , an ou tpu t file ca lled  “G O U T .xx” is 
opened, w here the xx refers to  a code fo r a particu lar term inal type.
This ou tpu t file can be accessed for editing, fo r assessing on how the curve fit w as 
arrived at and for calculating the curve variables (peak position etc). In order to obtain 
a p lo t o f  the fitted  spectrum  a file called  “P L O T .xx” is accessed which includes a 
selected  num ber o f  fitted  param eters such  as peak  positions, FW H M , areas and  
percentage areas.
4.2.4 Peak Fitting Aluminum Photoelectron Peaks
In general peak  fitting  o f  the alum inium  peaks (either the 2p o r the 2s peaks) w as 
re la tive ly  straight forw ard. There w as generally  a need for the addition o f a “P ost 
P eak ” elec tron  energy  loss tail height as illu stra ted  in  figure  4.3. W ith  this the 
com puter program  calculated equal percentage step heights for the m etallic and oxide 
com ponents, and this in  m ost cases w as around 12%. This value agrees w ell w ith 
theoretical predictions by Castle et al (Castle et al, 1983). In general for the pow ders 
the starting  poin t fo r the A12p peaks w ere as illustrated  in table T4.1. The program  
ou tlined  in  section 4.2.3 calcu lated  the peak  areas (i.e. in tensities), accurate peak  
positions and peak w idths. The curve fitting  process was repeated with the im proved 
sta rting  param eters  ob tained  from  the f irs t set o f  ite rations until there w as no 
im provem ent in the Chi-Squared value obtained.
Parameter Al° Al3+
Peak W idth 
W indow  
Peak  separation 
Peak  H eights
Peak position 74.3eV
2.0eV
77.0eV
2.5eV
G enerally 68-82eV 
N ot Used. 
Estim ated from  the Spectrum
Table T4.1
Starting Points for the Curve Fitting of A12p XPS Peaks
11 6
<< ' s y u n o j j  (iq. i s u a ^ u  j
Figure 4.3.
Typical Curve Fitting of A12p Region Using an ”S" Shaped Background. In this 
case an Al-5wt % Ni-3wt % Fe RS Alloy Powder Has Been Examined.
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4.3 Surface Study of Aluminium formed under non-RS Conditions
4.3.1 Experimental
In order to establish the “natu ra l” oxide thickness o f an oxide layer o f alum inium  
form ed under non-RS cond itions a lum inium  fo il w as analysed  using  the ESC  A3 
spectrom eter. The sam ples w ere attached to a suitable specim en holder and earthed 
w ith the application o f  a  sm all quan tity  o f  “ S ilver D ag” . Several analyses were 
undertaken, starting w ith  an “ as received” sam ple and follow ed by successive argon 
ion etching treatm ents. Finally , an oxide layer w as grown by allow ing argon (with an 
im purity concentration o f  approxim ately lOppm oxygen (A ir P roducts reference data) 
into the cham ber at a  low  pressure (approxim ately l x l 0'5m bar) fo r several periods o f 
tim e until a constant ratio  o f  the A l° and Al3+ 2p photopeaks w as obtained. This was 
assum ed to correspond to  the M ott thickness for aluminium. (M ott N .F.,1939)
A sim ilar set o f experim ents w ere undertaken on the European round  robin specim en, 
(see chapter 2.3.9), but in this case no ion etching was undertaken.
4.3.2 Results
(1) For the ion etched alum inium  foil w ith the oxide grown at low pressures:
Take o ff angle (0) = 45
sin 45 =  0.7071.
Intensity o f  Al° 2p peak  =  30.69%
Intensity o f Al3+ 2p peak  = 69.31 %
X (inelastic m ean free path) = 2.05nm  
For planar surfaces
d oxide = V sin 0 -In< 1^  + 1) ...[4.9]Vi(0)
giving a thickness t = 1.7nm
(2) For the European round robin  specim en:
Take o ff  angle =  45 
Intensity o f A l° peak  =  22.56% ,
Intensity o f  A l3+ peak  = 77.44%
X (inelastic m ean free path) = 2.05nm , giving a 
thickness t =  2 .16nm
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4.4 “Model” Rapidly Solidified Surfaces - Melt Spun Ribbons
4.4.1 Preparation of Material
T he surfaces o f  m odel RS m aterials w ere studied first.
H ere m elt spun ribbons o f several alum inium  based alloys were analysed w ithin the 
E S C A 3 spectrom eter. The ribbons w ere p repared  using  the appara tus show n 
schem atically  in  figure  4.4. T he charge  w as induction  m elted  under an  argon  
atm osphere in  a silica crucible w ith a  sm all orifice (= lm m ) drilled at the bottom .
T he m elt was ejected through the hole by the application o f a sudden gas pressure.
T he m elt stream  rem ained rela tively  uniform  over its m olten flight stage, and  w as 
rap id ly  so lid ified  by im pacting on a fast ro ta ting  copper w heel. The ribbon  w as 
collected in air.
4.4.2 Surface Analysis of the Melt Spun Ribbons
R ibbons w ere m ounted as show n in  figure  4.5, w ith the wheel side upperm ost and 
he ld  using  double sided adhesive tape. On transfer to the spectrom eter a series o f  
argon ion etch steps w ere used until a m inim um  in the A l3+ 2p peak w as achieved 
(abou t 30 m inutes to tal etch tim e). Spectra  w ere then recorded  fo r the alloy ing  
elem ents, alum inium , carbon and oxygen at a  take-off angle o f 45 and a base vacuum  
o f  10"9torr. A ir was adm itted in to  the cham ber at a reduced pressure (0.05torr) fo r a 
series o f  tim es and re-analysed.
A fter a total o f  30 m inutes a ir exposure  a t this reduced pressure, the ribbons w ere 
exposed to air at atm ospheric pressure fo r 5 m inutes and 30 m inutes total air exposure 
tim e. This w as undertaken in  o rder to determ ine the likely oxide th ickness on  the 
ribbon after a brief air exposure w hich m ay occur while placing a relatively oxide free 
surface into the spectrom eter (as it occurs during the transfer o f RS pow ders from  the 
transfer vessel to the spectrometer).
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Schematic Illustrating Apparatus Used for the Preparation of Melt Spun Ribbons
for Examination by XPS.
Cjold deposited onlo a Stainless SteeL Specimen. Holder
SrosXV AfuoonLo^  
Silver
Ale It Spurs R ittons
Figure 4.5.
Schematic Illustrating the Mounting Method Employed for the Surface 
Examination of the Melt Spun Ribbons.
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4.4.3 Results on Melt Spun Ribbons
The results o f the experim ents on the air exposure o f the argon ion etch m elt spun 
ribbons o f  the A l-4w t% C u, L ital'A ' and LM 10 (Al-10w t% M g) alloys are show n in 
figure 4.6. The thicknesses w ere calculated  using expression [3.18], w ith k=2.05nm . 
In all cases the electron take o ff angle was 45.
The second set o f data refers to tim e o f a ir exposure at atm ospheric pressure. T he first 
is 5 m inutes (equivalent to about 7 .6 x l0 4 m inutes at 0.05 Torr), w hile the second is a 
30 m inutes total air exposure.
4.4.4 Discussion of Preliminary Results on Aluminium Foil, European Round
Robin Specimen and Melt Spun Ribbons
D uring  low  pressure ox idation  the  oxide th ickness rem ained  at 0 .7 -0 .8nm , and 
appeared to be growing very  slow ly  until the ribbons were exposed  to  atm ospheric 
pressure. A t this point the ribbons grew  to a  thickness o f  about 1.7nm, sim ilar to the 
oxide th ickness found on the e tched , and re-exposed a lum inium  foil. This final 
th ickness approx im ates to  the  M o tt th ickness found on bo th  the re-ex p o sed  
alum inium  foil and the round robin  specim en..
The exact reason for the ex istence o f  the interm ediate thickness, (i.e. oxide grow n at 
reduced  pressure) is not as yet clear. The Cabrera-M ott theory predicts that pressure 
has no effect on the rate o f oxide growth. This work, although potentially  interesting 
w as not continued as the m ajor th rust o f  the project was tow ards pow ders rather than 
m elt spun ribbons.
The calcu lated  oxide th ickness fo r  the European round rob in  specim en  closely  
m atches the value ob tained  by the  nuclear reaction m ethod (2 .3nm ). This gives 
confidence in  the m ethod and m ore im portantly  the accuracy o f  the equipm ent in 
relation to other instrum ents in  o ther surface analysis laboratories.
The m elt spun ribbons also indicated  an enrichm ent o f m agnesium  and lithium  in  the 
surface layers. Again although this w as potentially interesting it w as not follow ed up, 
but w as useful w hen the study o f  pow ders was started, as enrichm ent o f these two 
elem ents was noted in the pow ders surface, (see below)
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4.5 C onclusions
The aim s o f  these pre-cursor experim ents w ere to obtain useful background data  on 
planar surfaces. This data included:
T ypical oxide thicknesses fo r th ree  c lasses o f  alum inium  alloys p repared  in 
d iffe ren t w ays. N atu ra l o x ide  th ick n ess  (EFC  sam ple), re-g row n  o x ide  
thickness (alum inium  foil) and m elt spun ribbons.
E xperim en ts have show n that the  m ethod  used  in  ca lcu la ting  the ox ide  
th ickness reflec ted  w ell the  ox ide  th ickness m easured  by an independen t 
m ethod. A lso the instrum ent (ESCA 3 m ark II) perform ed well w hen com pared 
to other instrum ents currently in use.
A s the project was not based on m elt spun ribbons the next stage in the analysis w as 
to ex tend  this w ork onto RS alum inium  pow ders, and establish suitable protocols for 
their study by XPS. This will be covered in  the next chapter
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Chapter 5
Analysis of Metallic Powders By X-ray Photoelectron Spectroscopy
5.1 Introduction
W hen exam ining  fine alum inium  pow ders in XPS several factors are im portant for 
the analysis. These can be sum m arised as follows:
(1) M ounting o f  specim ens,
(2) Charging,
(3) Inter-particle interaction,
(4) D ifferential depth analysis,
(5) Large surface area.
This chapter w ill discuss these factors and introduce a protocol for the analysis o f RS 
pow ders produced by high pressure gas atom ization.
5.2 Problems Associated with Powders in XPS
5.2.1 Mounting
C learly , w hen  ana ly sing  pow ders in  u ltra -h ig h  vacuum  cond itions, o f  m ajo r 
consideration is the care o f  the spectrom eter. This care includes not allowing pow ders 
to contam inate the vacuum  system  and the various valves o f  the equipm ent, as well as 
not allow ing the fine pow ders to contam inate any future experim ental samples.
A lthough e lectrosta tic  sam ple charging w ill be d iscussed  in the next section, any 
m ounting  techn ique fo r conducting  sam ples requ ires that reasonable  earth ing  is 
achieved not only o f the pow ders but also o f  the m ounting m edium . If the m ounting
m edium  is an insulator this will add to peak broadening and peak movement.
F inally , any m ounting technique m ust not affect the pow der's surface com position in 
any way. Possible effects include:
(1) M odify ing  the detec ted  chem istry o f  the pow der surface by, for exam ple, 
hydrocarbons o r silicon from  double sided adhesive tape, leading to a possible 
thin coating o f these m aterial on the surface o f the pow der, thus leading to the 
detection o f these elem ents on the powders.
(2) T he actual m ounting technique changing the physical o r chem ical nature o f 
the surface by m echanical dam age, e.g. the rem oval o f  a brittle oxide by
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e x cess iv e  sh ear w hich  m ay occu r d u rin g  the  com paction  o f  a  p ow der 
specim en p rio r to analysis.
(3) A voidance o f  X PS . and AES peaks o f  the m ounting  m edium  in terfering  w ith 
the pho to-peaks o f  the elem ent o f  in terest on the pow der's  surface. A clear 
exam ple o f  th is is show n about the Fe2P3/2  p eak  in  the survey spectrum  o f  
figu res 5 .1a, w here the ind ium  m ounting  has g iven  rise  to pho topeaks at 
ro u g h ly  the  sam e position  as the  m ajo r iro n  peak . T his then  leads to  
d ifficu lties w ith  the qualitative in terpretation o f  the spectrum , as the intensity  
o f  the iron photo-peak is convoluted w ith the ind ium  3pV2 peak. F igure 5.1b, 
show s the sam e reg ion  but using  double sided adhesive tape as a m ounting 
m edium . T he indium  m ounting can easily  be pho to-excited  and detected  by 
“gaps” in the pow ders as illustrated in figure 5 .2 .
Figure 5.1
a: XPS Survey Spectrum of Al-8Fe RS Alloy Powder Mounted on Indium Foil 
b: XPS Survey Spectrum of A!-8Fe RS Alloy Powder Mounted on Double Sided
Adhesive Tape
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to  s p e c tro m e te r X - r a y s
Figure 5.2.
Schematic Illustrating "Gaps" Between "Rafts" of Powders Which Give Rise to 
Peaks In the Spectrum Due to the Mounting Medium
5.2.2 Charging
W ith the photo-ejection o f  electrons from  the surface there w ill be a  net im balance in 
the charge o f the pow ders as illustrated schem atically in  figure 5.3a. An expression o f 
the form
Ip = Is - IE - 5. ..[5.1]
where Ip is the prim ary  electron flux, specifically  in XPS from  either the alum inium  
w indow w ithin the X -ray  gun or from  a flood gun generally  used in  m onochrom atic 
work. Is is the secondary electron flux, i.e. the photoejected electrons. Ie describes the 
earth flux o f electrons, and 5 is the charging.
If  the situation as show n in figure 5 .3a exists, w here there  is  little  surface area in 
contact w ith an earth ing  m ounting m edium , the term  Ie  is sm all, and assum ing that 
there is little in the w ay o f a flood gun effect from  the co llim ating  nose o f  the X -ray 
gun, (for exam ple the case where a m onochrom ator w ithout e ither a collim ating nose 
o r an a lum inium  w indow  has been used), Ip + Ie is less than  Is, and hence 5 w ill 
becom e an im portant term  as the specim en has now becom e positively  charged.
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non conducting mount
Ip ~  Is for electrostatic equilibrium  
W hen Ip *  Is, particle aquires charge 5
conducting m ount Ip = Is + Ig readily  fulfilled
Figure 5.3
a: Schematic Illustrating the Build Up of Surface Charge on a Powder Mounted
on a Non-Conducting Medium, 
b: Schematic Dlustrating Charge Neutralisation on a Powder Embedded in a
Conducting Medium.
Ig easily obtained
C onsider now the second situation as illustrated in figure 5,3b, w here the pow der is 
em bedded fully in a conducting m edium , e.g. indium  foil and assum e that there is a 
considerable flood gun effect from  the alum inium  window in the X -ray gun, so that Ip 
can be significant. W ith the em bedding o f the pow der there is a  large increase in  the 
surface area, and so the term  Ie can becom e significant. In this case it is possible that 
Ip + Ie w ill approxim ately equal Is, w ith the result that 5 tends to a low  value, and in 
some cases it can be insignificant.
A sim ilar argum ent can be applied to  AES, here the term  Ip, the prim ary electron flux 
is dom inated  by the e lectron  beam . It is likely in  this case that the specim en w ill 
becom e charged negatively. In practice, fo r XPS specim ens any charge im balance 
can be rem oved by earthing a conducting specim en via the application o f silver-dag 
o r a  s im ila r conducting  m edium . H ow ever, w ith the fine  a lum in ium  pow ders 
analysed, where the surface is covered  w ith a thin, electrically  insu lating  oxide this 
earth ing  effect is greatly  reduced . W ith  the loss o f any charge neu tralisation  the 
spectra obtained w ill contain broad photoelectron peaks with a large shift tow ards a 
low er k inetic energy, because o f the positive charge o f the specim en retard ing  the 
ou tgo ing  electrons w hich m ay m ake chem ical state de term ination  an uncertain  
process.
T o a certain extent this charging w ith pow ders will be reduced by the flood-gun effect 
by the generation o f electrons from  the w indow  o f  the X -ray source. H ere electrons 
are em itted by the photoelectronic effect from  within the X -ray gun, generally from  
the co llim ating  reg ion  o f  such an instrum ent. X -rays w hich  pass  through the'pr * c t
alum in ium  w indow  (w hich  p rev en ts  specim ens from  con tam ina tion ) genera te  
electrons which are directed tow ards the specimen.
Probably to a lesser extent, the m ounting m edium  can help reduce any peak shifting 
or broadening. F o r exam ple, i f  the m ounting is e lectrically  conducting , such as 
indium  foil, a certain am ount o f  earth ing occurs through the thin oxide layer and the 
term  Ie m aybe significant. This is achieved by the powder being physically  em bedded 
into the foil to increase the charge transfer surface area.
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The charging of this mounting with the removal of electrons during the XPS process 
must be considered. Again if indium foil is used, this charging can be neutralized by 
earthing. However, with adhesive tape the charge would remain. In any case it is 
advisable to earth the specimen holder, since if the latter is not fully earthed there will 
still be a shift in the peak positions.
5.2.3 Inter-particle Interaction
Compared with electrically conducting planar surfaces, where the irradiated area is of 
the order of about 25 sq. mm, the surface area of a similar “raft” of powders could be 
of the order of about 150 sq.mm. (see figure 5.4). However, although there is a larger 
surface area excited (assuming the X-rays used are powerful enough to penetrate 
through any shielded areas), and a larger number of photoelectrons emitted, a 
proportion of these electrons will not be detected as arising from any particular photo­
peak. These electrons are scattered inelastically by other surrounding powders (see 
figure 5.5) and hence lose energy as a result.
planar
surface
Figure 5.4 
Typical Raft of Powders
These scattered electrons add to the background spectrum and also increase the 
amount of noise. With this increase in background noise, there is a reduction in the 
signal to noise ratio as compared with a planar specimen, In order to achieve a 
reasonable XPS spectrum for a powder sample it is therefore necessary to use 
extended acquisition times compared with a similar planar sample.
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Inelastically Scattered electrons 
Elastically Scattered electrons
E  is t h e  kinetic e n e r g y  of t h e  
p h o t o e l e c t r o n .  E ’> E ”
Figure 5.5.
Schematic Illustrating In-Elastic Scattering of Electrons Between Powder 
Particles. Elastically Scattered Electrons have Kinetic Energy E', and In- 
Elastically Scattered Electrons Have Kinetic Energy E"
A second effect o f these scattered electrons is an increase in the postpeak background.
W ith m ost survey scan spectra  qualita tive  inform ation m ay be gained about the 
position o f the elem ents w ith in  the surface region by the slope o f the post peak 
background. Briefly, fo r p lanar surfaces a positive slope ind icates an elem ent buried 
below  an overlayer, w hile a negative slope indicates that the elem ent is not buried. 
W ith  pow ders, as e lec trons lose  energy by being scattered  inelastically  by their 
interactions w ith o ther pow ders the net effect will be an increase in the post peak 
background slope. H ence care w ill be required in order to determ ine the cause o f  any 
change in background. H ow ever, a change in background at the specific binding 
energy o f an electronic transition, with the absence o f the photo  peak is generally an 
indication that the elem ent is present, although in small quantities. W ith the increased 
surface area with sm aller size fractions it is to be expected that the scattering effects 
will increase with decreasing pow der size, unless another process takes place.
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5.2.4 D ifferen tia l D ep th  A nalysis
W hen considering overlayers  and substrate system s by the e lectron  spectroscopy 
techn iques the re le v an t eq u a tio n s  fo r ideal p lanar su rfaces are  w ell know n. 
Particularly  the application  o f  angular techniques in o rder to  enhance the surface 
layers (by low  take o ff  angle electrons) has been extensively used  and investigated. 
Castle (Castle, 1977) has described equations for the use on m ultilayered system s by 
XPS. These equations are only applicable to ideal planar surfaces.
W hen considering spherical pow der particles, we can trea t th e ir  analysis by the 
introduction o f a “ surface roughness” term  into the p lanar m odel outlined elsewhere. 
Fadley  et al (Fadley, 1974; Fadley  e t al, 1974) and E bel & W aern isch  (Ebel and 
W aernisch, 1981), have studied the effect o f surface roughness on  XPS intensities and 
their m ain points are:
(1) Portions o f  the surface are shaded from  either X -ray excitation  o r electron 
escape,
(2) The actual angles o f  the X -ray incidence <(p’> and electron escape (or electron 
take o ff angle) <0'> w ill differ from  the corresponding fla t surface values o f  9 
and 0 as show n very schem atically in figure 5.6. This d iagram  is not to scale 
and the depth o f  analysis is very  m uch sm aller than the size o f the pow der 
particles (i.e. In m  c f  10pm !!). H ence the average depth  sam pled fo r a  rough 
surface w ill d iffer from  that o f  the corresponding flat surface, and the change 
o f  sam pling depth  w ith  varia tion  o f electron take o ff  angle 0 w ill show  a 
m arked deviation from  the flat surface behaviour.
Considering figure 5.7, fo r individual pow der particles, the fam ily  o f  take-off angles 
< 0'> will differ from  0 , but w ill not vary w ith changes in 0.
W ith  close packed pow ders as illustrated in figure 5.8 electron shadow ing and with 
the larger particle sizes X - ray shielding becomes significant especially  at low  take o ff 
values hence, <0'> w ill vary  w ith 0. Fadley computed this variation for a sinusoidally 
rough surface and show ed that in general for low take o ff angles <0'> > 0 and <0’> < 
0 for high takeoff angles. T his result has a m arked effect on the surface enhancem ent 
factor expected from  a layered rough surface. The m agnitude o f  the rough surface will 
a lte r the enhancem en t fac to r, w ith  a g rea ter surface ro u g h n ess  red u c in g  the 
enhancem ent from  a corresponding flat surface.
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ELECTRON DETECTOR SYSTEM
—-........ Relative Depth of Analysis
Figure 5.6.
Schematic Illustrating the Family Of Take Off Angles Across an Individual
Powder Particle.
(Note - Diagram is NOT TO SCALE.
Oxide Thickness about 2nm Powder Diameter 20|±m.)
Figure 5.7 Schematic Illustrating That The Family of Take Off Angles < 0’> 
Differs from 0, But Does Not Vary With Changes in 0
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Figure 5.8.
Schematic Illustrating The Effect With Close Packed Powder Particles of 
Electron Shadowing and X-Ray Shielding.
T h e re fo re  care  m ust be exerc ised  w h en  th e  absence o f  th is en h an cem en t is  
d iscovered , as chem ical hom ogeneity m ay no t be present but this absence m ay be due 
to  su rface  roughness.A n  im portant ob se rv a tio n  by C ross and  D ew ing (C ross and  
D ew ing, 1979) is that unlike planar sam ples w here by changing the take o ff angle  o f  
the specim en d ifferent analysis depths are obtained, with pow ders this effect is lost. 
W ith  p lanar surfaces the ratios o f  the in tensities  o f over and underlying layers are a  
function o f  the sine o f the take o ff angle. W ith  pow ders there is no angular term .
5.2.5 Large Surface Area
T his fac to r can be regarded as an advantage in  two ways. Firstly, as indicated  earlie r 
there  is an increase in  the num ber o f  ava ilab le  photoelectrons em erging from  the 
larger excited  area although a relatively  large proportion o f  them  will be inelastically  
scattered  by interaction with other pow der particles. Secondly, and m ore im portan t is 
the possib le  reduction in the contam ination layer caused by for example silicon w ith in  
the adhesive tape. As there is such a large area  any contam ination layer is likely  to  be 
“ spread” m ore thinly com pared w ith a  p lan ar surface. As an exam ple consider th a t fo r 
a  p a rticu la r specim en holder there is a f ix e d  m ass o f  contam inate. The “ degree  o f  
contam ination” is given by:
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_  „ , . Mass of contamination r_
Degree of contammat.on = Surface area of Specimen
If  a p lanar specim en  is used the surface area term  is low , bu t as pow der and finer 
pow der is used clearly  the degree o f contam ination w ill decrease.
5.3 Oxide Thickness Calculations For Powders
From  chapter 4 it is possib le to estim ate the oxide th ickness o f a  p lanar surface by the 
expression [4.9]:
d oxide = V s in e -ln r t yQ ± 1+ 1> ...[5.31Al
W here Iai(3+) and  Iai(O) refer to the intensities o f the ion ized  and m etallic alum inium  
respectively.
F or pow ders there w ill no longer be a fixed take o ff  angle but as previously discussed 
will consist o f  a series o r fam ily o f  angles for each individual pow der particle.
In order to de te rm ine  oxide th ickness m easurem ents o f  the  fine m etallic pow ders 
obtained by RS a  m ethod sim ilar to that developed by C ross and  D ew ing (Cross and 
D ew ing, 1979) w as applied . H ere the p lanar surface equations are applied and the
Cross and Dewing (1979) Model for the Over-Estimate in Oxide Thickness For
Spherical Powder Particles.
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Referring to figure 5.9, it is clear that for thin films where d<Xads the depth o f  analysis 
and hence the apparen t th ickness w ill be greater than the  true  th ickness d. This 
overestim ate  w ill d ecrease  as the  th ickness o f the o v erlay er increases tow ards 
d«3X ads- The overestim ate w ill also depend on the ratio  o f  d/R . F or the spherical 
system  it is possib le to calcu late  the upper lim it o f  the overlayer o r in the case o f 
alum inium  pow ders the oxide layer. In this case it is known the oxide film  is very thin 
com pared with the radius o f  the powder.
For exam ple the film  m ust be o f  the order o f a few nanom etres otherw ise it w ould not 
be possible to detect an m etallic alum inium  signal w ith the pow der being o f the order 
o f microns.
The second assum ption is that the intensity  o f the XPS spectra, e.g. the Al3+ 2p peak 
is p roportional to the vo lum e o f  m ateria l in the overlayer. T he volum e o f the 
overlayer on the hem isphere is given by:
Vol = ^  [(R + d )3 - R3] ...[5.4]
T his volum e w ill “ appear” to  the e lectron  analyser as a  d isc  o f  th ickness A in 
projection, the volum e o f  this disc being
Vol = 7t(R+d)2.A ...[5.5]
Hence:
„ 2 [(R+d)3-R3] 2 (  3R2d+3Rd2+d3l
3 (R+d,2 - * 3 ^  R2+2Rd+d2 '  "•[5-6]
As d is small d2 and d3 can  be neglected, and as Rd«R2, R2+ 2R d—>R2. Hence:
. 2 3R2d , , „ „
A — ^ ^2 — 2d ...[5.7]
It w ould therefore be expected  that the upper lim it for the overestim ate o f the oxide 
thickness is a factor o f  2. W ith the pow ders under investigation, w ith their very thin 
oxide layers it w ould be also expected that this upper lim it w ould  be reached.
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This expression calculates the upper lim it o f the overestim ate to be 2 (w ith in effect a 
90 take o ff angle), assum ing the pow der appears as a disc to the analyser as illustrated 
in figure 5.9.
H ence the term  sinO tends to sin(90)/2 =  1/2, w ith the resulting expression being
d„x.de = ¥ ' nf e +1) -I5'8!A1(0)
5.4 Specim en P re p a ra tio n  fo r  X PS A nalysis
The atom ised pow ders w ere unloaded  in  an argon filled glove box to  m inim ise any 
con tam ination  by hydrocarbons o r w ater, all o f  w hich m ay be p resen t in  the 
atm osphere. The pow der w as sealed  in to  argon filled m etallic cans or g lass phials 
w ith tight fitting lids in order to prevent:
( 1) the pow der experiencing any atm ospheric attack during storage,
(2) the possibility  o f  hydrocarbon contam ination, w hich m ay occur i f  stored in
“plastic” containers,
(3) the risk o f explosion.
D uring  th is un loading  sam ples fo r su rface analysis w ere p repared , tak ing  in to  
consideration the points discussed in  chapter 5.2.
T he specim ens were m ounted by tw o different m ethods, firstly  using  Indium  foil. 
H ere an oversized piece o f indium  foil w as m ounted on to the stainless steel specim en 
strip using double-sided adhesive tape and “ silver dag” was applied to the under-side 
to obtain  electrical contact. T he specim en holder was then transferred  to  the argon 
filled  glove box, and sam ples o f  pow der w ere sprinkled onto the foil. T he foil was 
doubled over, and pressure applied so that the pow der w as em bedded in  the foil. Any 
excess pow der w as "tapped  o f f  to p reven t loose pow der being  p laced  in  the 
spectrom eter. C om pressed gas w as not used for this as the p ropellan t gas w ould 
contam inate the surface o f the pow der.
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A lthough indium  foil was utilised to a  large extent, it gave rise to a large num ber o f 
subsidiary peaks (both XPS and A uger). In m ost cases these peaks did not interfere 
w ith the m ajor photo peaks o f interest. Indium 3p peaks at about 705 and 712 eV  (BE) 
did  appear very  close to the Fe2p peaks fo r iron, (about 707 &  720eV ), at about 705 
&  712eV . T his m ade chem ical analysis im possib le  w ith  the A l-Fe alloys. Thus, 
double sided adhesive tape was used in  the p lace o f indium  foil.
In the second m ethod w here double-sided  adhesive tape w as used the pow der w as 
sprinkled onto  the tape which in turn w as m ounted on to a  specim en strip. The excess 
pow der w as “ tapped o f f ’ thus ensuring  that no loose pow der w as p laced  in to  the 
spectrom eter cham ber.
T he assem bly was sealed into an argon filled  transfer vessel and transferred  to the 
spectrom eter. W hilst the holder w as rem oved from  the transfer vessel and m ounted 
onto  the specim en holder rod, a very  b rie f a ir exposure w as experienced (about 10 
seconds). T he effects o f such a tm ospheric  a ttack  w ere fu rther m in im ised  by 
surrounding  the specim en w ith argon gas throughout the operation. A nalysis w as 
undertaken once the vacuum  was o f the order o f 10"9 torr.
5.5 C onclusions
This section has discussed the problem s associated with the analysis o f pow ders by 
elec tron  spectroscopy. A pro tocol has a lso  been estab lished  fo r the analysis  o f 
pow ders, including specim en preparation, m ounting and the interpretation o f results.
It w as show n that it is possible by the use o f electron spectroscopy to calculate the 
o x ide  th ickness on RS a lum in ium  pow d ers , p roduced  by h igh p ressu re  gas 
atom ization.
T he nex t chapter investigates the fundam ental w ork on pow ders, includ ing  curve 
fitting reliability, effect o f tilt angle and ion etching o f pow ders.
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Chapter 6 
Preliminary Experiments On Powders
6.1 Reliability Of Curve Fitting
6.1.1 Introduction and Experimental
In order to test the reproducibility  o f the technique o f  curve fitting  the A12p peaks a 
series o f  h igh reso lu tion  scans about this reg ion  w ere taken on an A l-4w t% C u RS 
alloy pow der. This particu lar pow der had been stored fo r 6 m onths prior to analysis 
and appeared to  have a thicker than norm al oxide layer. Tw o sets o f experiments were 
perform ed. The prim ary set involved m anipulation o f  the specim en. H ere the sam ple 
was rem oved from  the analysis cham ber, re-in troduced  and re-aligned. The sam ple 
w as then re-analysed using alum inium  A lK a  radiation. The ratios o f the areas o f the
3  , Q
A l peak  to the A l peaks w ere then calcu lated  by use o f the peak  fitting routine 
m entioned previously. T he first three experim ents (CU 04A A , AB, AC) did not have 
the specim en holder probe fu lly  earthed, and consequently  charging o f the specim en 
occurred w ith these experim ents.
In the second set o f experim ents (CU04AV & AW ), the specim ens were continuously 
analysed in a series fashion. The first scan o f the CU 04A W .0 spectra was followed by 
the firs t scan  o f  the  C U 04A W .1 spectra. T he p rocess  w as con tinued  up to  
CU 04A W .9, after w hich the second scan over the CU 04A W .0 spectra was taken. The 
process was then repeated until 10 scans o f  each spectra w ere collected. In the case o f 
the CU 04A V  spectra only  one scan over each A12p region was undertaken. This was 
to establish w hether there was an influence in exposure to the X -ray source w ith time.
6.1.2 R esu lts
Tabulated in tables T6.1 and T6.2 and illustrated in figures 6.1 & 6.2 the curve fitting 
reliability o f the peak fitting routine on the P R IM E  com puter is presented. The x-axis 
ind icates an experim ental code for each particu la r experim ent, w hile the y-axis 
indicates the percentage area o f  the m etallic A12p photoelectron peak. In figure 6.1 
the circled  experim ental points are those which have been obtained by not correcting 
“experim ental noise sp ikes” , w hich can occur by various external factors. In  m ost 
cases these  sp ikes are  obv iously  ex traneous and can  easily  be rem oved  by 
m anipulation o f the raw  data.
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EXPERIMENTAL CODE.
Figure 6.1.
Plot of Percentage Area of Metallic (Al°) A12p Peak for the A!-4wt%Cu Alloy 
Series of Experiments CU04AA to CU04AU.
Figure 6.2.
Plot of Percentage Area of Metallic (Al°) AI2p Peak for the Al-4wt%Cu Alloy 
Series of Continuous Experiments CU04AVand CU04AW.
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T he peak  positions as show n in  tab les T6.1 & T6.2 rem ained re la tive ly  constan t 
th roughout the experim ents w ith  the m etallic alum inium  peak  rem ain ing  at about 
74.9+0.51 eV  except in a few  cases. T hese occurred with the early  experim ents and 
reflec ted  the charging problem s associated  w ith not earthing the specim en holder 
p rio r to analysis.
M eta llic  %  A re a  o f % A rea  of 
P eak  M eta llic  C ation ic  O xide
R u n  C ode Position  (eV) P e a k  P eak  T h ick n ess  (nm )
CU 04AA 76.5 10.52 89.48 2.31
CU04AB 75.9 11.48 88.52 2.21
CU04AC 75.6 12.12 87.88 2.16
CU04AD 75.3 10.92 89.08 2.27
CU04AE 75.1 10.62 89.38 2.30
CU 04AF 75.2 12.12 87.88 2.16
CU 04A H 74.6 12.33 87.67 2.15
CU 04AI 74.6 11.41 88.59 2.22
CU 04A J 74.6 13.08 86.92 2.08
CU 04A K 74.5 14.41 85.59 1.99
CU 04AL 74.4 11.83 88.17 2.19
CU 04A M 74.7 13.92 86.08 2.02
CU 04AN 75.0 12.61 87.39 2.12
CU 04AO 74.6 13.67 86.33 2.04
CU 04AP 74.5 11.35 88.65 2.23
CU 04A Q 74.6 12.78 87.22 2.11
CU04AR 75.0 11.29 88.71 2.24
CU04AS 74.6 12.29 87.71 2.15
CU 04AT 75.0 11.29 88.72 2.24
CU 04AU 74.7 12.28 87.72 2.15
74.9±0.51 12.12±1.04 87.88±1.04 2.07±0.‘
T ab le  T6.1
R ep ro d u c ib ility  o f E x p e rim en ta l D a ta  on  a n  A i-4w t% C u  R S A lloy P o w d er
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R u n  C ode
M etallic  
P e a k  
P osition  (eV)
% A re a  o f 
M eta llic  
P e a k
% A rea  o f 
C ation ic  
P eak
O xide 
T h ickness I
CU 04A V .0 74.8 13.93 86.07 2.02
CU04AV.1 74.9 14.60 85.40 1.97
CU 04A V .2 74.8 16.05 83.95 1.88
CU 04A V .3 74.9 13.97 86.03 2.02
CU 04A V .4 74.8 13.98 86.02 2.02
CU 04A V .5 74.7 15.27 84.73 1.93
CU 04A V .6 74.8 16.02 83.98 1.88
CU 04AV .7 74.9 15.87 84.13 1.89
74.89±0.15 14.74+1.06 85.26±1.06 1.97±0.i
CU 04A W .0 75.4 13.69 86.31 2.04
CU04AW .1 75.4 14.98 85.02 1.96
C U 04A W .2 75.3 14.41 85.59 1.99
CU 04A W .3 75.5 14.01 85.99 2.01
C U 04A W .4 75.3 12.55 87.45 2.13
CU 04A W .5 75.1 12.36 87.64 2.14
CU 04A W .6 75.2 12.77 87.23 2.11
CU 04A W .7 75.3 13.34 86.66 2.06
CU 04A W .8 75.4 15.66 84.34 1.90
CU 04A W .9 75.2 12.55 87.45 2.13
75.31±0.11 13.63±1.07 86.37±1.07 2.05±0.
T a b le  T6.2
R ep ro d u c ib ility  o f E x p e rim en ta l D a ta  on  an  A l-4w t% C u  RS Alloy P o w d er
6.1.3 D iscussion on th e  V ariab ility  o f  M e asu rin g  the  P ho toe lec tron ic  P eaks 
As illustrated  in figures 6.1 & 6.2, from  experim ent to  experim ent the curve fitting  
reliability  o f  the technique is good, w ith little variability in the ratios o f the in tensity  
o f the m etallic com ponent to the total intensity. A lso, the position o f the m etallic peak 
rem ains fairly constant.
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CU04AA.1
BINDING ENERGY s 7 S . 5  7 9 . 4
WIDTH : 2 . 2 8  2 . 8 4
AREA < X I0 8 0 >  s 2 1 . 3 5  1 8 1 . 5 6
*  AREA : 1 0 . 5 2  8 9 . 4 7
Figure 6.3.
AI2p Region for the Al-4wt%Cu RS Alloy Experiment CU04AA
In the first experim ent (CU04A A) closer exam ination o f  the spectrum  (illustrated in 
f igu re  6.3) show s d iscon tinu ities and genera lly  this spectrum  w ould  have been  
d iscarded . Thus the only  proviso fo r use o f  these spectra w as that the spectrum  is 
checked for any abnorm alities such as noise spikes or discontinuities.
A statistical analysis o f  the A13+/A1° peak area  intensity  ratios gives an error value o f 
13.11 ±  1.52 % (standard  dev iation). In  the expression  to determ ine the oxide 
thickness this va lue  is small, as the logarithm  o f  the intensity  ratios are taken, w hilst 
the uncertain ty  o f  the  IM FP (X) is  o f  the o rder o f 2 .05±0.25nm , giving an erro r in 
IM FP (X) o f  about ± 12%.
T he two sets o f  da ta  involving the C U 04A V  &  A W  experim ents indicate that there is 
little correlation o r variation with oxide thickness w ith X -ray exposure time.
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6.1.4 Conclusion
The reproducibility o f  cu rve  fitting  the alum inium  photoelectron peaks is good. The 
m ajor source o f erro r in  the  calcu la tion  o f oxide thickness is the uncertain ty  in  the 
inelastic  m ean free path . H ow ever, the  value  o f X used  in  th is  w ork  (from  the 
European round robin experim ents (EEC)) is undoubtedly the m ost accurate available 
for A12p and A12s photoelectrons.
6.2 Effect of Varying The Apparent Take-off Angle With Powder Samples
6.2.1 Introduction and Experimental
As described earlier it w as expected  that there w ould be neg lig ib le  effec t o f  varying 
the apparent angle 0 betw een  the p lane o f  the powder specim en and  the analyser slits 
as illustrated in figure 6.4. In  o rder to confirm  this pow ders o f  an A l-2w t% Fe alloy 
were examined at d iffering  0 values. T he slit width of the spectrom eter fo r this w ork 
was 2m m  in order to reduce  the angle subtended by the pow der. The ratio  o f the Al3+ 
peak area to the total a lum in ium  peak  area at varying take o f f  angles w as calculated 
for both the A12p and A12s regions.
Figure 6.4.
Schematic Illustrating Angle 0 to the Analyser Slits on the V.G. ESCA3 Mkll for 
the Experiments Investigating the Effect of Varying Take Off Angle for Powder
Samples
analyser
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6.2.2 R esults
F igure 6.5 shows the effect o f tilt angle on the percentage area o f  the A l3+ 2p peak 
com pared w ith the to ta l A12p o r A12s signal fo r an A l-2w t% Fe rap id ly  so lid ified  
pow der. Tables T6.3 &  T 6 .4  show  the  varia tion  in calculated  oxide th ickness with 
take o ff angle. The oxide th ickness has been calculated from  equation  [5.8], w ith 
values o f the IM FP from  the E uropean  round  robin work. (i.e. X =  2 .05nm  fo r the 2p 
series o f spectra and X= 2.2 In m  fo r the 2s series o f spectra.)
Angle M eta llic O xide T hickness
D egrees % % (nm )
15 44.63 55.37 0.83
25 42.80 57.20 0.87
30 44.53 55.47 0.83
30 41.35 58.65 0.91
45 40.87 59.13 0.89
45 42.01 57.99 0.91
55 41.13 58.87 0.91
65 45.39 54.61 0.81
75 61.52 38.48 0.50
75 51.84 48.16 0.67
75 49.58 50.42 0.72
T a b le  T6.3
, N otes 
2;P>series
(X = 2 .05nm )
very  noisy signal
V a ria tio n  in  O x id e  T h ic k n ess  w ith  T ak e  O ff A ngle (2P  S eries)
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Angle Metallic
Degrees %
Oxide
%
Thickness
(nm)
Notes 
2s series
(X = 2.2 Inm)
15
25
30
30
55
65
75
75
47.51 
37.42 
42.40
38.52 
43.54 
42.12 
61.36 
40.85
52.49
62.58
57.60
61.48
56.56
57.88
38.64
59.15
0.82
1.09
0.95
1.05
0.92
0.96
0.54
0.99
Table T6.4 Variation in Oxide Thickness With Take Off Angle (2S Series)
Powders
It w as expected  that there w ould be neglig ible effect o f  changing the take o ff  angles 
relative to  the plane o f the specim en holder.
This is dem onstrated in figure 6.5, where across the central range o f apparent take o ff 
angles the in tensity  o f the m etallic com ponent relative to the total in tensity  o f  the 
photoelectron peak rem ains constant. F or a p lanar surface it w ould be expected that 
the ratio  w ould  be a function o f the form.
This is show n in figure 6.6, for a typical oxide thickness o f  ln m  and a value o f  X o f 
1.7nm. C hanging the take o ff angle for pow der sam ples has no effect. The analysis
A t high angles the specim en holder is parallel w ith the X -rays em erging from  the gun, 
hence it is difficult to irradiate the pow ders, so the spectrum  is very noisy due to  a 
reduction  in the photoelectron flux. A t low  take o ff angles the spectrum  is noisy, 
again  due to  a reduction  in the pho toelectron  flux en tering  the electron detec to r 
system , although this is due to electrons in teracting  w ith particles prior to reaching 
the detector.
6.2.3 Discussion on the Effect of Changing the Take off Angle for
[6.1]
breaks dow n at very high take o ff angles (>75°), or very low  take off angles (<15°).
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Figure 6.6.
Theoretical Plot of the Effect of Tilt Angle (Take Off Angle) for a Planar 
Aluminium Sample With Oxide Thickness lnm and X sl.7nm. Note Variation at
Low Take Off Angles.
6.2.4 Conclusions
It does not rea lly  m atter w hat orientation the pow ders are to the analyser as long as 
they  are w ithin 0 =  15-65. A lso, as expected  there is no possib ility  o f  undertaking 
angular reso lved  w ork  to determ ine surface structure.
T he orientation o f  the specim en holder w as such that the m axim um  count rate  w as 
ach ieved  fo r any p a rticu la r experim en t, im prov ing  the coun ting  sta tistics. T his 
orientation w as generally 45 to the analyser slits, as this is the optim um  angle from  a 
photoelectronic asym m etry argum ent.
6.3 Auger Analysis
A uger analysis o f  the rapidly  solidified alum inium  pow ders was attem pted in several 
cases using a V G  Scientific M A 500. The sam ples w ere prepared by em bedding the 
pow ders in  ind ium  foil and selecting a particle  w ell aw ay from  other pow ders. The 
experim ents w ere in general unsuccessful, w ith very little inform ation being provided 
by the techn ique. T here are severa l possib le  reasons w hy this is so. T he m ajo r 
p rob lem  w as the charg ing  o f the  particle  in  the e lectron  beam . Even though the 
pow der w as firm ly em bedded in  ind ium  foil, and low  beam  currents w ere used, there 
was a defin ite  sh ift in the peak  position  w ith  the A l K L L  A uger peak  being very  
broad. Typical spectra are illustrated in figure 6.7 for an A l-8wt% Ni RS alloy pow der, 
and corresponding m aps are show n in figure 6.8.
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Figure 6.7.
Auger Spectrum for Al Region on an Al-8wt%Ni RS Alloy Powder. 
Conditions: Electron Gun - 15KV/8mA, CRR - 10, Step Size 0.2eV
1 1
SURFACE ANALYSIS LAB UNIUEFSITV OF SURREY 0483 509151/2 10-10-90
ZOAAr* Figure 6.8.
Scanning Auger Microscopy Maps on Al-8wt%Ni RS Alloy Powder.
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T he pow ders in AES appeared to be contam inated w ith carbon during the analysis. 
T his w as due to specim en preparation, as the specim en spends a relatively long tim e 
in the  atm osphere prior to analysis. T his long exposure tim e leads to adsorption o f  
contam ination species such as hydrocarbons etc. A lso as indium  fo il is fo lded onto 
the surface o f the pow der any contam ination from  the indium  foil w ill be transferred 
to the surface o f the powder. This also  gives rise to a surface contam ination o f  the 
p o w d ers  by ind ium  and in sev era l cases  th is w as noted . W ith  th is  su rface  
contam ination o f  the powders by ind ium  there was a reduction in  the A uger electron 
signal from  the alum inium  due to surface attenuation.
SA M  w as also attem pted on these pow ders but due to the poor peak resolution very  
little  useful inform ation w as obtained. The analysis how ever, suggests that indium  
pickup on the surface did occur across the surface o f the pow der, and that carbon 
contam ination was also present.
6.4 In-Situ Ion Etching of Powders
6.4.1 Introduction
O th er w orkers (e.g. N yborg  e t a l, 1988) w ho have investiga ted  the su rface  
characteristics o f Al pow ders have successfully  u tilized A r ion etching in o rder to 
estab lish  depth profiles on such particles. This section investigates the effect o f  the 
in-situ  argon ion etching o f pow ders in order to establish whether:
(1) Surface contam ination by carbon  cou ld  be rem oved, w ithout affecting  the 
surface chem istry o f the pow der.
(2) It is possible to ion etch depth profile  pow ders to gain useful inform ation.
The pow ders used for this investigation w ere o f  the A l-5w t% N i-3w t% Fe alloy and 
w ere supplied  by M etalloys. T he com position  as detected  by surface analysis is 
show n in Table T6.5. Also shown in this table are the surface com positions detected  
after periods o f argon etching.
6.4.2 Experimental
T he pow ders w ere m ounted on double  sided adhesive tape and  loaded  in to  the 
spectrom eter in the usual m anner. A rgon ion etching was undertaken at an energy 
setting o f 6Kev with a focus value o f 3K eV  for different periods o f  tim e. A fter each
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etch ing  period  surface analysis was undertaken  to determ ine the survey spectrum  
characteristics and also the chem ical com position. A fter 480 seconds o f ion etching 
the pow der w as left w ith in  the spectrom eter fo r 12 hours to observe the build  up o f  
carbon and any possible re- oxidation effects.
6.4.3 R esu lts
T able T6.5 gives the various chem ical com positions o f  the bulk  m aterial p rio r to 
surface analysis, as received pow der and pow der after ion etching
Al NI F e M g Z n Si C O In
Bal 2.66 1.52 0.025 < 0.08 - - - Bulk analysis
16.1 0.84 < 1.6 0.76 3.6 33.5 43.6 - as received surface analysis^1)
12.7 0.07 < 0.58 0.17 3.5 40.5 42.5 - after storage on DST^2)
13.1 0.12  < 0.71 0.24 2.3 42.9 39.0 1.5 after storage on In foffi3)
18.3 1.1 0.29 0.77 < 2.2 42.6 34.8 - 480 seconds e tc h in g ^
24.7 1.5 0.71 0.72 < 1.2 32.8 37.2 - 960 seconds etching
25.6 2.6 0.69 0.38 < 1.3 34.9 33.3 - 20 mins etching
25.2 2.5 0.74 0.6 < - 40.5 30.4 - 25 mins etching
31.4 5.4 1.2 0.43 < 1.2 24.9 34.0 - 30 mins etching
N O T E S :
All atom ic percent
1. Experim ent on as received pow der. D ouble sided adhesive tape.
2. P o w d er exam ined  a fte r s to rage  fo r 8 w eeks in  sealed  m eta llic
container, but exposed to a ir briefly prior to exam ination. Pow der on 
double sided adhesive tape.
3. D itto but m ounted on indium  foil.
4. Argon ion etching at 6Kev energy 3KeV focus.
< E lem ent not detected, - elem ent not present in sample.
T a b le  6.5
E ffec t o f A rgon  Ion  E tch in g  onA I-5w t% N i- 3 w t% F e  R S Alloy P o w d er
Figure 6.9 illustrates a m ontage o f  the survey spectra w ith increasing etching tim e. 
F igure 6.10 shows the ratio  o f A13+/A1° XPS peaks w ith increasing etching time.
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Figure 6.9.
Effect of Ar Ion Etching on Survey Spectra for an Al-5wt%Ni-3wt%Fe RS Alloy 
Powder. Times Shown Illustrate Total Etching Time.
Note: Oxygen Peak (Ols) Partially Removed For Clarity.
At 480Seconds Total Etch Time Powder Was Left Inside the Spectrometer For 12
Hours, Note Build up of Carbon
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Figure 6.10.
Effect of Increasing Ion Etching Time on Al3+/Al° Ratio for Al-5Ni-3Fe RS Alloy 
Powder. Note: Al^+ Detected After 1800 Seconds Etching.
6.4.4 Discussion
The spectra shown in  figu re  6.9 show  clearly  that the in tensity  o f the C ls  peak  is 
reducing  w ith respect to  the A l pho toelectron  peaks w ith increasing  etch ing  tim e. 
H ow ever, even after 30 m inutes ion etching, w here the m ajority o f  the Al signal is in 
the m etallic state, there is still carbon p resen t (of the order o f 25at% ). O ther w orkers 
w ho have attem pted ion etching o f  pow ders have shown that rem oval o f all carbon is 
a pre-requisite  o f any quantifiab le  data  from  ion etching profiles. W ith  the E SC A 3, 
the position  o f the ion  gun rela tive  to the  e lectron  analyser is such that areas o f  
pow der are shielded from  the action o f  the  gun but em it photoelectrons tow ards the 
analyser. H ence, even w ith  extensive ion etch ing  the carbon can never be com pletely 
rem oved.
Both N i and Fe how ever, can be increasingly  detected when the surface is rem oved.
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The spectra show how rapidly surface contamination can build up in the spectrometer. 
The Ni peaks can be discerned between 30 seconds up to 480 seconds ion etching. 
(120 seconds to 480 seconds for the Fe signal). If the sample is left in the 
spectrometer at high vacuum for 12 hours the Fe signal is lost, while there is a 
substantial reduction in the intensity of the Ni peak. This is mirrored by the increase 
in the C ls peak.
Considering the ratios of the A13+/A1° XPS peaks, for the first minute of ion etching 
of the powder there is no significant change in this ratio. During this time there was a 
significant reduction in the C ls signal as shown in figure 6.9. This leads to the 
possibility of at least reducing a significant quantity of carbon contamination prior to 
surface analysis without significantly altering the chemical composition of the surface 
of the powder. However, after this time there is a significant reduction in the ratio as 
the oxide is stripped off. During the 12 hours holding period there is a slight 
re-oxidation, but not to the same levels as for the as received powders. After this time 
there appears to be a very gradual decrease in the ratio, which is in keeping with the 
C ls peak series, and is again due to shielding of parts of the sample from the ion 
etching^which in turn emit photo electrons.
6.4.5 Conclusions
(1) Ion etching of powders on the equipment used throughout this project did not 
lend itself to quantifiable analysis due to shielded areas.
(2) It is possible to “clean up” particularly contaminated specimens with a very 
brief argon ion etch.
6.5 Introduction to the Enrichment Factor
It was found early in the project that there was enrichment of certain elements in the 
surface layers for example lithium in the Lital ‘A ’ alloy first analysed by XPS. 
Although this phenomenon had been reported by other workers (Larson et al, 1984), 
there had been no effort to quantify it. As indicated in section 6.4, there appears to be 
a depletion of both nickel and iron in the surface layers, to the extent that no iron can 
be detected in the “as received” specimen.
In order to quantify whether an enrichment of these elements has occurred within this 
project the enrichment factor EfT was introduced (Carney et al, 1987). where:
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The superscript T refers to the total amount detected by surface analysis, [M] is the 
concentration of minor ailoying element M and [Al] is the concentration of 
aluminium. Subscript “surface” refers to analysis by XPS, and in a similar manner 
“bulk” to analysis of the powder by a bulk analysis technique, e.g. atomic adsorption 
(see figure 6 .11).
OXIDE LAYER in?
[Al]; [M]
MOpm
(1x1(f5m)
SURFACE 
.REGION
Adsorbed Species?
Oxide Thickness?
t Al]=concentrat-ion of Aluminium 
[M] s '' "  Alloying Metal M
[ I ]  = ________ " Impurity I
Figure 6.11.
Schematic Illustrating Regions of Interest on the Surface of RS Powders
One of the strengths of XPS analysis is that the signals from the oxide phase can be 
separated in many cases from that of the underlying metal by means of a “chemical 
shift”. Thus in the present case it is possible to treat separately the enrichment factors 
for the metal underlying the oxide or enrichment factors concerning the oxide itself. 
Referring to figure 6.12 two further enrichment factors can be defined
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bulk
[Al] 
[M]
Figure 6.12.
Schematic Illustrating Enrichment Factors on the Surface of a Material.
(  [M°] x
Eft) _ f
*- /  nvn \ J(  [M] \
[M]+[Al]^bulk
.[6.3]
(  [Mt+] \
. = p[Mt*]4-[Afi+];surfaceT
(  tM 1 ^
NM]+[A!Ffaulk
.[6.4]
Here M° and Al° refer to the elements in their metallic or ground states. M1+ refers to 
element M in its i'th oxidation state with Al3+ in its oxidised state.
A
depth of 
analysis
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Ef° can be defined as the “metallic enrichment factor”, and Ef1 as the “oxide 
enrichment factor”.
Using these terms, the quantification of the surface concentrations of the RS 
aluminium alloy powders was achieved. In the next two chapter these enrichment 
factors are used in order to establish the probable mechanisms for surface enrichment.
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7.1 Experiments on “As Produced” RS Alloy Powder
7.1.1 Experimental
The series of atomized alloys given in table T3.2 were analysed by XPS using the 
method described in chapter 5. Generally the powders were mounted onto double 
sided adhesive tape as the spectra were not influenced by subsidiary indium peaks 
that would be obtained by using indium foil as the mounting medium.
The oxide thickness was calculated using the expression [5.8], along with the 
enrichment factors using the expressions [6.2], [6.3] & [6.4].
In addition to the powders produced at Surrey, additional powders were examined 
that were produced at Metalloys Ltd in connection with an EURAM project. The 
Metalloys the atomizing technique was a down-draft atomizer using argon as the 
atomizing gas. The powders were collected, unloaded and stored under argon. 
Powders were transported to Surrey in metallic screw top containers sealed with tape 
to prevent atmospheric contamination. Alloys examined are given in table T7.1
Chapter 7
Surface Investigations of RS Alloy Powder
Alloy Code Actual Composition Zn Impurity Mg Impurity
1. Al-0.7M g 0.7wt% 0.4(wt%)
2. Al-3.2M g 3.2wt% <0.01wt%
3. Al-0.69M g 0.69wt% 0.04(wt%)
4. Al-0.79M g 0.8wt% <0.01wt%
5. Al-2Ni 2.06wt% 0.09(Wt%) 0.07(Wt%)
6. Al-8Ni 7.8wt% 0.07(Wt%) 0.06(Wt%)
7. Al-5Ni-3Fe Ni-5.53wt%, Fe-2.995wt% 0.25(W t %)
8. PI Fe-3.27, N i-5.27, Cr-1.1, M o-1.21, Cu-0.15, Mn-0.15, Ti-0.7, Si,Mg<0.1%
9. PII Fe-8.31, Ni-1.12, Cr-1.1, M o-1.25, Cu-0.15, Mn,Mg,Si<0.1%
10. PA Fe-3.10, Ni-5.60, Cr-0.97, M o-0.93, Cu-0.99, Mn-0.96, Ti-0.5, Mg-0.6, Si-0.18
all weight percent 
Table 7.1 Powders Produced at Metalloys Ltd
7.1.2 Results
Table T7.2 shows the relative intensities of the Al° and Al3+ photopeaks and the 
calculated value of oxide thickness using the expression [5.8].
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Code
% Area o f  
M etallic 
Peak
% Area of 
Cationic 
Peak
Oxide
T hickness
(nm) Notes
Pure Al 32.13 67.82 1.16
Al-2.4Cr
Al-3.5Cr
Al-5.65Cr
21.65±4
43.26
43.97
47.97 
41.92 
39.15 
41.07 
28.69±2
78.35±4
56.74
56.03
52.03 
58.08 
60.85 
58.93 
71.31±2
1.56+0.17 stored powder 
0.86 as atomized 
0.84 3 hrs air exposure 
0.75 3.5 hrs air exposure 
0.89 6.5 hrs air exposure 
0.96 9.5 hrs air exposure 
0.911 2.5 hrs air exposure 
1.2810.07 2months delay in analysis
Al-8Fe
Al-2Fe
29.10
42.04+1.1
70.90
57.96+1.1
1.67
0.89+0.25
size fraction(25-45jjm) 
as atomized powder
Al-4Cu
Al-lOCu
Al-2Cu
Al-lCu
Al-0.5Cu
14.41
16.31±0.8
14.68
17.97
18.05
85.59
83.7±0.8
85.32
82.03
81.95
1.99
1.8610.05
1.96
1.76
1.75
stored powder 
as atomized powder 
as atomized powder 
as atomized powder 
as atomized powder
Al-lZr 50.51 49.49 0.70 as atomized powder
Al-lH f
Al-2Hf
26.29
28.36
73.7
71.62
1.37
1.29
as atomized powder 
as atomized powder
Al-2Li 16.3 83.67 1.86 as atomized powder
Al-2Ni 30.41±0.3 69.59+0.3 1.0510.01 MgKa (A=1.77nm)
Al-2Ni 30.64 69.35 1.21 AlKct (A=2.05nm)
Al-8Ni 34.62 65.38 1.08 AlKoc (A=2.05nm)
Al-8Ni 30.12 69.88 1.06 MgKa (A=1.77nm)
PA
PI
PH
18.51
16.53
22.02
81.49
83.47
77.98
1.73
1.84
1.55
Al-5Fe-3Ni 25.32 74.68 1.58 From Metalloys
Lital ‘A ’ 6.57 93.43 =2.8 Stored Powder & Li+ ions
Table T7.2 Photoelectron Peak Areas and Calculated Oxide Thicknesses for 
Alloys Studied In this Investigation.
(Error bars indicate the result of several analyses, other results have errors as described in
chapter 6 .)
Enrichment factors are shown in table T7.3
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Code
Al-2.4Cr
Al-3.5Cr
Al-5.65Cr
Actual
Composition
1.26at% Cr
1.85at% Cr
3.0at% Cr
Ef
0.0
1.4
0.4
Ef°
0.0
3.1
1.3
Ef8
Al-0.69Mg
Al-0.7Mg
Al-0.79Mg
Al-3.2Mg
Al-5Mg
Al-20Mg
0.76at% Mg 
0.78at% Mg 
0.88at% Mg 
3.54at% Mg 
5.5at% Mg 
21.9at% Mg
64.7
52.5
42.5
10.8 
10.4
4.11
86.2 
78.6 
57.8 
16.5 
15.1 
Note 1
Al-0.5Cu
Al-lCu
Al-2Cu
Al-4Cu
Al-lOCu
Al-2Fe
Al-8Fe
Al-2Ni
Al-8Ni
Al-lHf
Al-2Hf
0.2at% Cu 
0.4at% Cu 
0.85at% Cu 
1.7at% Cu 
4.5at% Cu
1.0at% Fe 
4.2at% Fe
0.96at% Ni 
3.74at% Ni
0.3at% Hf 
0.3at% Hf
2.2
2.1
1.6
0.5
1.1
4.6
0.6
6.5
1.3
0.0
0.0
12.3 
10.8
12.4 
3.9 
4.7
10.3
2.0
18.7
3.6
0.0
0.0
-note 2 
-note 2
Al-lZr
Al-2Zr
0.3at% Zr 
0.6at% Zr
0.0
0.0
0.0
0.0
-.-note 2 
-.-note 2
Note 1 Virtually no oxidised aluminium signal therefore no Ef1 can be
calculated
Note 2 Levels of these elements below detection limit of technique, unless
they have surface segregated.
Table T7.3 Calculated Enrichment Factors for Powders Studied.
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7.2 Discussion of Results
7.2.1 Oxide Thickness
The results of oxide thickness presented in table T7.2 indicate that for alloys that do 
not contain the reactive (to oxygen) elements, such as magnesium or lithium, the 
oxide thickness on the “as produced” powder is very thin, in the range of about 0.7nm 
to 1.8nm. The range appears to be effected by the alloying element with the 
aluminium- copper alloy Al-2wt%Cu having the highest as produced oxide thickness 
(1.99nm) while the Al-Zr alloy, Al-lwt%Zr had the lowest (0.7nm). It is not clear at 
this stage whether by increasing the alloy composition there is a marked effect on the 
oxide thickness as at present the number of systems investigated is small. However, it 
is clear that the oxide thickness of most of the powders is slightly less than the oxide 
thickness obtained on both the melt spun ribbons and the etched aluminium foil 
(1.7nm), and less than the carefully formed oxide of the “round robin” foil (2.3nm) 
(Olefjord et al, 1990).
Even with further processing such as sieving or careful storage under argon as with 
the Al-Fe and Al-Cu alloys the oxide thickness does not increase by a significant 
amount. The amount of change is difficult to assess but with the Al-2wt%Fe RS alloy 
powder which was analysed in the “as atomized” condition and in a “sieved” 
condition the A12p regions as illustrated in figure 7.1 are virtually identical.
Figure 7.1.
Effect of Sieving an AI-2wfc%Fe RS Alloy Powder on the A12p Region.
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The accuracy of these results should be assessed. The first consideration would be the 
accuracy of the modification by Cross and Dewing on the measurement of oxide 
thickness for powders. The second consideration concerns the actual methodology of 
comparing the metallic and oxide components of the A12p (or 2s) peak. This second 
consideration can be regarded as valid as the same processes are undertaken on the 
planar surfaces as on the powders up to the modification in take off angle (Cross and 
Dewing, 1979). As the method was used on a “round robin” set of experiments on a 
material of a known oxide thickness obtained via a different method, it must be 
concluded that the method is accurate as the measured oxide thickness at The 
University of Surrey (2.15nm) compares well with the oxide thickness measured by 
nuclear reaction methods (2.3nm).
The oxide thicknesses of the magnesium containing alloys are not presented since the 
method of comparing the photoelectron peaks from Al3+ and Al° does not apply if the 
oxide layer contains significant amounts of other alloying elements. With the 
significant segregation to the surface of magnesium in all the powders studied this 
method of calculating oxide thicknesses can therefore not be used. Segregation is 
discussed in the next section.
7.2.2 Segregation
The first specific experiment in which segregation of the alloying elements and 
impurity species first detected involved the Al-5.65wt%Cr alloy. This alloy had a 
relatively thin oxide layer, about lnm. On the original survey spectra shown in figure
7.2 there was little or no evidence of chromium, this is despite the relatively large 
concentration within the alloy. Several “narrow scans” over the Cr2p region were 
attempted and a typical result is shown in figure 7.3.
Here 301 scans were undertaken over the Cr2p region under the usual conditions, 
giving a total analysis time of 4.2 hours.
As can be seen there is still no easily defined peak. One possible explanation is that 
the chromium signal is attenuated by the aluminium oxide overlayer. By comparing 
the free energies of formation of the oxides (figure 7.4, Darken and Gurry, 1953) the 
aluminium oxide will be formed in preference to a chromium oxide.
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Figure 7.2.
Survey Spectrum on an AI-3.5Cr RS Alloy Powder. Note: Absence of Cr Peaks
but Presence of Zn Peaks.
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Figure 7.3.
Cr 2pRegion of an Al-3.5Cr RS Alloy Powder (301 Scans) 
Total Analysis Time 4.2 hours. Note: No Easily Defined Cr Peak.
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The Standard Free Energy of Formation of Many Metal Oxides as a Funtion of 
Tem perature, (after Darken and G urry, 1953)
Figure 7.5.
Depth of Analysis in an XPS Experim ent.
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This explanation is easily disproved by virtue of the thin oxide layer (lnm), and the 
electron inelastic mean free path of Cr2p3/2 electrons through aluminium oxide. 
Referring to table T2.2, for electrons excited by AlKa X- rays the calculated value of 
X is 2.3nm, well in excess of the oxide thickness of lnm, as illustrated in figure 7 .5 . 
This figure also illustrates the exponential character of the depth emergence of 
electrons, and that the majority of electrons emerge from the first X (65%).
In the first + second X, 85% of electrons emerge and when the first, second and third 
X are considered 95% of electron come from this distance.
The second possible explanation is that some form of surface segregation has taken 
place, with the bulk of the metal.
Evidence towards the latter is also shown in this particular alloy. On the survey 
spectra several small peaks can be noted in the region from 400-500eV on a binding 
energy scale. These are zinc Auger peaks, and the presence of zinc was later proved 
by a high resolution analysis of the Zn2p3/2 region (1021eV). To check that this was 
not a memory effects with the spectrometer the experiments were repeated on the 
ESCALAB Mkll, using both indium foil and double sided adhesive tape as a 
mounting medium.
However, in all cases an absence of chromium was noted in the surface layers, but 
also the experiments concluded that there was a presence of near surface zinc.
The powder was later analysed for zinc using atomic adsorption and was found to 
have a concentration of approximately 0.005at% (about lOppm). Also analysis using 
SEM/EDX noted the presence of chromium within the powder, although no zinc 
could be detected. As the X-ray analysis techniques have a far larger depth of analysis 
(of the order of l|im  cf 5nm with XPS), this result reflects the bulk concentration of 
the alloy rather than the surface concentration. Later experiments on other alloys also 
showed surface segregation, especially with alloys containing magnesium or lithium 
becoming concentrated in the surface while elements such as zirconium and iron 
tended to be absent. Concentrating first on the elements that segregate strongly on the 
surface, namely lithium, magnesium and zinc. The early experiments undertaken with 
lithium as an alloying addition were the Lital ‘A ’ experiments that indicated that the 
alloy had a very thick oxide layer containing AI2O3 and Li2 0 . The alloy is complex 
due to several other alloying additions, most notably magnesium.
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However, from the chemical analysis by XPS it was clear that the presence of lithium 
was relatively strong, as shown below:
Al-74.5at% : Li-20.8at% : Mg-4.6at% : Zn-0.1at%
The other alloying elements were not detected.
This is compared below with the alloy composition modified from weight percent to 
atomic percent.
Al-95.58wt% : Li-2.5wt% : Cu-1.2wt% : Zr-0.12wt% : Mg- 0.6wt%
Al-89.8at% : Li-9.06at% : Mg-0.63at% : Cu-0.48at% : Zr- 0.03at%
By calculating a pseudo-enrichment factor where the element's enrichment is the ratio 
against aluminium concentration it was found that the enrichment factors were 2.4 
and 8.35 for lithium and magnesium respectively.
It would be appear that the value for the lithium enrichment appears to be relatively 
low compared to that predicted by the segregation theories. The explanation of this 
may lie in the powders being stored in an atmospheric environment for 6 months prior 
to analysis. It is known that lithium depleted zones in the metal are formed at solution 
temperatures (Thorrftet al, 1987) and it is possible that reactions such as the ones with 
carbon dioxide (e.g. Li2<3 + CO2 —> LiCC>3) could lead to volatile forms of lithium 
being evolved within the oxide.
Magnesium in this particular alloy has segregated strongly with an enrichment of over 
8 times in the surface over the bulk material. In most of the alloys studied there 
generally appears to be a small but detectable concentration of magnesium and zinc in 
the surface, even if the elements are only present in small or impurity concentrations. 
However, in most cases the detection is only qualitative and not quantifiable due to a 
very low concentration. Hence, enrichment factors are not calculated for impurities.
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Considering first the total enrichment factor EfT, the concentration of Cu in the 
surface is approximately the same as the bulk Cu concentration in contrast to Mg and 
Zn which segregate very strongly in the surface. As indicated above, when 
considering trace quantities of elements in the bulk the enrichment is only qualitative 
rather than quantitative.
For the Hf and Zr additions to Al very little or no solute could be detected by XPS 
although the atomic percentage of these alloying elements is generally below the 
detection limit of XPS unless these elements have surface segregated.
Fe could be detected with the Al-2wt%Fe alloy but very litde with the Al-8wt%Fe 
alloy. This reduction in the value of EfT with increasing alloy concentration was more 
pronounced in the powder of atomized Al-Mg alloys and it appears to mirror the 
decrease in EfT with increase in the alloying content for the Al-Cu binary alloys.
For the two binary Al-Ni alloys there appear to exist two extremes. In MgKa 
radiation little Ni was detected in either alloy whilst in AlKa radiation Ni was 
detected with an enrichment factor of 6.5 for the more dilute Al-2wt%Ni alloy. In the 
survey spectrum using AlKa radiation for the Al-8wt%Ni alloy powder there was 
change in the post peak background at the position of the Ni2p doublet (although the 
actual peaks were very small). This change suggests the presence of Ni buried below 
a surface overlayer (Castle et al, 1985). By considering the high resolution scan of the 
Ni2p region for the dilute alloy (shown in figure 7.6 for both radiations) the 
conclusion is that this overlayer is aluminium + AI2O3 from consideration of the 
relative escape depths for Al and Ni as illustrated in figure 7.7.
Considering nickel in the more concentrated alloy (Al-8wt%Ni), Ni was not detected 
in MgKa radiation due to the lower kinetic energy of the Ni2p3/2 photoelectrons and 
attendant reduced probability of them emerging without energy loss. Table T2.2 
presented a series of electron transitions together with their kinetic energy in either 
A lK a or MgKa radiations, their electron mean free paths (X) and a “depth of 
analysis” (approximately 3X). For powders however, this “depth of analysis”, due to 
the consideration of a curved surface is closer to 1.52c.
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Figure 7.6.
Ni 2p Region of the XPS Spectrum of an Al-8wt%Ni Alloy Powder Using 
a:M gK a Radiation in Which the Ni is Not Detected and 
b: AIKa Radiation W here the Slight Increase in Analysis Depth Allows the
Identification on Nickel.
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Figure 7.7.
Schematic Illustrating Possible Layered Structure Which May Occur In 
Al-8wt%Ni RS Alloy Powders Determined by XPS.. W ith M gK a Radiation Only 
the Al Rich Volume is Detected, but with M gKa Radiation the Al-Ni Volume is
Detected.
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It is known (Briggs and Seah, 1983) that in the case of normal electron emission 65% 
of the total photoelectron flux comes from a depth of X, 85% from a depth of 2X and 
95% from 3X as illustrated in figure 7.5. Thus for an oxide of 1.05nm the Ni signal 
would be greatly attenuated if Ni did not appear in the oxide film, but if it appeared 
just below the oxide film it is likely that it would have been detected in both Al and 
MgKa radiations.
Although Mg was only present in impurity concentrations in the Al-Ni alloys, it 
appears to have enriched greatly within the oxide film being detected easily as Mg2+ 
in both Al Ka and Mg Ka radiations.
7.3 Effect of Alloy Composition on Enrichment Factor
As indicated above with the Al-Ni RS alloy powders, there is a possible trend of 
change in the value of the enrichment factor with alloy composition. This was 
investigated further by examination of a series of Al-Cu RS alloy powders of 
differing compositions as illustrated below in table T7.4 using the same protocol as 
described earlier. Also in this table are the calculated total enrichment factors.
Alloy Enrichment Factor (EfT) Notes
Composition
Al-10wt%Cu 1.07
Al-4wt%Cu (0.53) Powder stored prior to analysis
Al-2wt%Cu 1.64
Al-lwt%Cu 2.06
Al-0.5wt%Cu 2.19
Table T7.4 Effect of Alloy Composition on the Enrichment Factor
The Al~4wt%Cu RS alloy had been stored for over a year prior to analysis. As 
indicated earlier this had a thicker oxide layer than most other alloy powders, 
(presumably due to corrosion/hydration of the oxide layer.) This would have a 
detrimental effect on the enrichment factor as the oxide layer would greatly attenuate 
the Cu signal especially as the peak considered was of a low kinetic energy, and 
hence a low IMFP value (see table T2.2).
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From this result, if the Al-4%Cu RS alloy powder is neglected, it appears that a trend 
occurs with the more dilute alloys. This supports the argument that the surface 
segregation depends on the phase diagram characteristics.
This point will be discussed further in a later chapter (chapter 8).
7.4 Effect of a Brief Air Exposure on Two RS Alloy Powders
7.4.1 Introduction
The effect of a series of air exposures (laboratory conditions) on Al-3.5wt%Cr and 
Al-20wt%Mg rapidly solidified powders was undertaken. Here the powder was 
loaded into the spectrometer immediately after atomization with the minimum air 
exposure after preparing the sample within an argon filled glove box.
A series of air exposures were achieved by withdrawing the specimen from the 
spectrometer for periods of time, thus allowing contact with the Surface and Interface 
Science laboratory atmosphere. This atmosphere is generally drier than a standard 
laboratory with a relative humidity of 42%.
A second alloy (Al-20wt%Mg RS powder) was also used, however, in this case the 
powder was allowed to stand for 7 days prior to re-examination
7.4.2 Results
Figure 7.8 and table T7.5 gives the results for the series of air exposures of the oxide 
thickness of an Al-3.5wt%Cr rapidly solidified powder, as calculated from expression 
[5.8]. Also given in this figure is the range generally quoted for the natural low 
temperature oxide of aluminium alloys (1-2 nm), and the range of oxide thicknesses 
calculated on the melt spun ribbons after the 5 minute atmospheric exposure.
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% Area of % Area of
Metallic Cationic Oxide
Run Code Peak Peak Thickness (nm) Notes
TJC001 43.26 56.74 0.86 as atomized
CR3505 45.67 54.32 0.84 3hr air exposure
CR3515 47.97 52.03 0.75 3.5 hr air exposure
CR3530 41.92 58.08 0.89 6.5 hr air exposure
CR3544 39.15 60.85 0.96 9.5 hr air exposure
CR3555 41.07 58.93
Table T7.S
0.91 12.5 hr air exposure
Effect of Air exposure on a 
Rapidly Solidified AI-3.5wt%Cr Alloy Powder.
Figure 7.8.
Plot of Oxide Thickness (A) against Air Exposure Time (Hours) For an 
Al-3.5wt%Cr RS Alloy Powder. This is Compared With the Typical Mott 
Thickness (2nrn) and Results from the Planar Aluminium Foil (L7nm)
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The Al-20%Mg alloy in the as atomized condition was far darker than any of the 
other alloys produced at Surrey see figure 7.9. This indicated that the surface was 
probably covered in a magnesium rich oxide prior to surface examination. Similar 
reports of such a dark oxide in Al-Mg alloys have been made by Field et al (Field et 
al, 1980). The oxide in this case was reported to be non- protective, and consisted of a 
duplex structure of randomly orientated MgO crystals at the metal/oxide interface and 
secondary formed MgO crystallites formed from the reduction of the initially formed 
amorphous AI2O3 (Seamans and Butler, 1975), and was formed at high temperatures 
(400C).
Figure 7.9.
Comparison of as Atomized Al-20wt%Mg RS Alloy Powder (Darker Powder) 
with an as Atomized Al-2wt%Cu RS Alloy Powder (Lighter Powder)
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Figure 7.10,
Effect of Air Exposure of A12p Region of Al-20wt%Mg RS Alloy Pow der. 
Note: After 6 Days Exposure A12p Peak Completely Lost.
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Figure 7.11.
Comparison Of Mg Is Region of AI-20wt%Mg RS Alloy Powder on as Atomized 
and after 6 days Air Exposure . Note: No Visible Change in Peak Shape.
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Figure 7.10 illustrates the effect of air exposure on an Al-20wt%Mg RS alloy powder 
on the A12p region of an XPS spectrum. In the as atomized sample the A12p peak is 
still discernible, although after 6 days air exposure it is no longer possible to discern 
it. This indicates that as magnesium is still present in the survey spectra as shown in 
figure 7.10 , and aluminium not, the former has grown over the aluminium, 
presumably as an oxide. Shown in figure 7.11 is the high resolution scans of the Mg Is 
region in both the as received and after 6 days air exposure. As can clearly be seen the 
peak is very well defined in both cases.
7.4.3 Discussion of Air Exposure Tests
The air exposure tests on the Al-3.5%Cr RS alloy showed that for the limited air 
exposure undertaken the oxide film remained relatively stable. There are several 
possible reasons for this result, the most probable is that for the alloy considered, the 
oxide is very stable and under most conditions will remain inert.
Also:
(1) The powder was not left for long enough in the air and any detremental effects 
are so slow that over 12 hours no effect can be detected.
(2) The atmosphere within the laboratory is dry (moisture could dramatically alter 
the growth rate of the oxide films).
(3) Effects of moisture are lost when the specimens are replaced within the 
spectrometer, as adsorbed species are degassed within the UHV, or the UHV 
effecting in some manner the oxide layer, e.g. dehydration of the chemically 
bonded species.
It is conceivable that with longer exposure times an effect on the oxide thickness 
would be detected. However, as indicated in the experimental section the aim of the 
experiment was to see if short air exposure times had an effect (i.e. similar lengths of 
times to those encountered prior to a consolidation process).
A major problem in any exposure experiments is determining the “atmosphere” that 
the powders are exposed to. For basic oxidation work the powders should be exposed 
to pure oxygen with no trace of other elements. However, this kind of experiment was 
not undertaken as the probable result would be no increase in the oxide thickness as
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predicted by Mott. A more useful experiment (and more practical!), is to expose the 
powders to an atmosphere where a change is expected, e.g. to air. As indicated in 
section 2.4, the composition of air varies from area to area and time to time.
_______ However,
having considered that, what atmosphere would be a suitable standard?
Clearly a large number of variables could influence the final composition of the oxide 
(H2O, CO2, corrosive elements etc) and these then open a large number of subsets of 
possible atmospheres, even to the extent of considering whether the powder is 
produced in Birmingham or Guildford, or whether it was raining or not!
Considering these first two points, a second experiment should therefore be 
considered that exposed powders to two atmospheres, one with a high relative 
humidity and the other low, and leave the powders for longer periods of time than 
previously considered. However, the choice of powder for the experiment is also 
important, whether a simple binary or potentially commercial alloy is used.
The final point is a very important one in any experiments that involve UHV, that is, 
does the analytical apparatus alter the specimen? With the physically adsorbed water 
there is the possibility of removal by the action of the UHV. However, in the model 
of the surface considered, adsorbed species do not contribute to the oxide thickness. 
Also, if these species are so weakly bound as to be removed by vacuum alone, it is 
likely that they will also be removed within any vacuum processing of the powders.
The chemically bonded species are a different matter. Castle and Watts (Castle and 
Watts, 1981) have shown that the action of UHV on mild steel surfaces has little 
effect on the chemically adsorbed water, therefore it is expected that a similar process 
is likely to exist with aluminium. From degassing types of experiments the action of 
simply applying a vacuum to a sample of powders and detecting by mass 
spectrometry the evolved species indicates that very little chemically bonded species 
are desorbed the surface at ambient temperatures (Carney and Davis, 1990).
At elevated temperatures however, species are detected from both a physi- and chemi- 
sorbed state. As electron spectroscopy was undertaken at room temperatures and the 
only effect of heating is from the X-ray gun (which is very small) it is unlikely that 
the powders suffer from the evolution of such adsorbed species.
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In conclusion it appears that for short exposure times, for the Al-Cr alloy considered 
and the ambient atmosphere the powders remain relatively inert. This may not be 
surprising as Castle and Watts (Castle and Watts 1981) have shown for mild steel 
exposed to the atmosphere there was no change in the surface chemistry up to 120 
hours.
With the alloys containing the reactive elements such as magnesium, it appears that 
the oxide film will continue to grow on further exposure to air. This is shown in 
figure 7.10, where the A12p peak, has been lost. As the magnesium signal has 
increased it can be concluded that a magnesium rich species (oxide) has grown over 
the aluminium, to a depth in excess of the depth of analysis of the A12p (and 2s) 
electrons (about 6nm), as shown in figure 7.12. This result also tends to support the 
idea that the oxide is MgO.
Figure 7.12.
Possible Layered Structure Formed on Al-20wt%Mg Alloy Powders After Air
Exposure Determined By XPS.
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The second example is the case of the Lital'A' alloy, as illustrated in figures 3.1 and 
3.4. The surface analysis of the powder indicated an enrichment of lithium within the 
surface layers, (figure 3.5a). From figure 3.5b, a CO32- component exists within the 
C ls spectrum, it is likely that this lithium is in the form of a lithium carbonate. 
Considering the work of Joshi (Joshi et al, 1986) on melt spun ribbons where they 
observed a layered structure of aluminium, lithium and beryllium oxides were 
reported, it is possible to assume that such a situation occurs here.
The only difference is that with exposure to a carbon dioxide containing atmosphere 
the lithium has formed lithium carbonate. The free energy of formation of lithium 
carbonate indicates that the reaction is very likely since only a partial pressure of 
IO-30 atmospheres of C 02 is required for the reaction to take place.
This observation has important ramifications, since if the oxide film is not stable, as it 
appears to be with the Al-Mg alloy, the powders will have a definite shelf life and 
thus will be more susceptible to external influences.
This is also shown in the magnesium containing alloys. If a magnesium rich oxide is 
formed at the surface of the powder not only would the powder degrade more rapidly 
due to a non-protective oxide film being formed but as recent work (Carney and 
Davis, 1990) has indicated, the presence of magnesium has an effect on the degassing 
characteristics of the powders.
7.4.4 Conclusions on the Air Exposure Tests
It is clear that two extremes exist with air exposure. With alloys containing reactive 
elements such as lithium or magnesium it appears that dramatic changes in the surface 
chemistry can be noted, (e.g. the formation of lithium carbonate on the Lital 'A' 
specimen, and the formation of a MgO layer on the surface of the Al-20wt%Mg 
alloy). The other extreme is with powders containing relatively 'inert' (compared to 
aluminium or magnesium!) elements such as chromium. Here during a short air 
exposure little or no change in the oxide layer could be noted.
Therefore it is advisable that if powders containing these reactive elements are to be 
consolidated, research should be undertaken to study the effects of such oxide layers 
in the compacted material in a similar manner to the work of Kim et al (Kim et al,
1985). This is, of course, assuming that the powders are exposed to a non-inert gas 
atmosphere.
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7.5 Effect of Powder Size on the Surface Characteristics
7.5.1 Introduction and Experimental
The Al-8wt%Fe RS alloy powder was dry sieved into several size fractions under an 
argon atmosphere. The size fractions were:
sub 25pm, 25-45pm, 45-56pm, 56-63pm, 63-7 lpm, 71-80pm, 80-100pm and
100-200pm
The powders were separately analysed within the VG ESCALAB Mkll, all mounted 
on double sided adhesive tape.
A second experiment was undertaken on the complex alloy (PIII(3) alloy, Vereinigte 
Aluminium-Werke AG atomized by Metalloys), with the composition given in table 
T7.6. A gas classifier was used to separate size fractions of very fine powders. The 
results of the size classification and the bulk composition of the alloy are given in 
table T7.6.
The powders were analysed, mounted on double sided adhesive tape and examined 
using the ESCA3 . The powders contained a small concentration of magnesium, an 
element which is expected to segregate to the surface as discussed previously.
7.5.2 Results
Figure 7.13 is a montage of the survey spectra (O-lOOOeV binding energy) of the 
Al-8wt%Fe RS alloy size fractioned powder.
No direct evidence of iron could be detected in the “narrow scans” although evidence 
in the form of inflection in the background was obvious. A montage of the A12p peak 
for the various size fractions is also shown in figure 7.14. There is no visible evidence 
of any difference in the proportions of the Al° to the Al3+ peaks.
Table T7.6 shows the effect of size classification of the PM(3) alloy powders
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Figure 7.13.
Montage of Survey Spectra From a Size Fractioned Al-8Fe RS Alloy Powder. 
Note: Change in Angle of Slope About the Fe 2p Region (720eV) with Increasing
Size Fraction
177
Size Fraction A12p Peak M gls Peak
(fim) Area (c/s/eV) Area (c/s/eV) MglsA12p EfT Ef*
1-5 22494 114698 5.099 13.8 17.6
4-12 33665 73786 2.192 6.9 8.9
12-18 40538 187369 4.622 12.7 15.5
18-25 21661 153263 7.075 - -
30-50 23739 186410 7.852 18.7 21.3
Alloy Composition Al-8Fe-lNi-lMo-0.4W-lMg (Weight percent)
Powder produced and size ffactioned at Metalloys Ltd.
Fe2p peak very weak but always as Fe°.
A l° always 40-60% Al3+ peak indicating little change in the Al oxide 
thickness. However, since more Mg+ is present in the oxide layer the 
formation of the MgAfyCU spinel is possible.
Table T7.6 
Effect of Size fraction on Ratio of 
Mgls/A12p Peaks Areas For the Metalloys Pm (3) Alloy Powder.
Figure 7.15 is a montage of the survey spectra for the PIII(3) alloy in its various size 
fractions. There is a point of inflection at the Fe2p peak (although the peak is not 
visible), and a little change in slope after the Fe2p region with differing size fraction. 
TableT7.7 compares the peak areas of the Fe2p and A12p peaks.
Size A12p Fe2p
Fraction Peak area Peak area Fe2pA12p
(|im) c/s/eV c/s/eV
1-5 22494 5274 0.2345
4-12 33665 6580 0.1954
12-18 40538 7054 0.1740
18-25 21661 5809 0.2681
30-50 23739 4330 0.1824
Table T7.7 
Effect of Size Fraction on Ratio of 
Fe2p/A12p Peaks Areas For Metalloys PIII(3) Alloy Powder
178
72.20 74.00 7E.es 79. ca 09.00 32.00 34.69 OEM
Bind inn Ensrav CoVJ
Figure 7.14.
Comparison of A12p Region for the Size Fractioned Al-8Fe RS Alloy Powder.
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Figure 7.15.
Montage of Survey Spectra for Size Fractioned PIII(3) RS Alloy Powder. 
Note: Point of Inflection at Fe 2p Region.
18 0
7.5.3 Discussion
Figure 7.13 illustrated the effect of size fraction on the wide scans of an Al-8wt%Fe 
RS alloy powder. Although no direct evidence of change in the enrichment factor 
with size fraction could be noted, as the iron peak was not easily discernible even in 
the narrow scan about the Fe2p region especially with the finer powders (sub 60pm), 
indirect evidence is provided by examination of the post peak background slope. 
Although the Fe2p peaks are not evident they give rise to the development of a slope 
in the background (Castle et al, 1985). This rise can be interpreted as an underlying 
iron rich phase in the surface, below the detection depth of the technique. The 
mechanism is due to photoelectrons being in-elastically scattered, thus losing kinetic 
energy, prior to escaping from the surface. This loss in kinetic energy leads to an 
increase in the number of electrons detected in the background on the post peak side 
of a binding energy scale survey spectrum.
As illustrated in this diagram, as the size fraction increases, the post peak background 
slope also increases. This can be attributed to more iron being present below the 
detection depth, as the size fraction increases.
Since the larger powders take longer time to solidify, this increase in iron content can 
be related to the time the powder particle remains in the molten state. This is further 
evidence supporting the solute segregation during the solidification of the powders. In 
figure 7.16, the increase in near surface iron is shown with increasing size fraction 
(and the consequent increase in freezing time).
Increasing size fraction 
(Increasing molten flight time)
Figure 7.16.
Schematic Illustrating the Increase in Surface Detection of Iron With Increasing
Powder Size.
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Another possible explanation for the change in background slope after the Fe2p peak 
is the inelastic scattering between individual particles. In this case if the intensity of 
the Fe2p peak is constant prior to inelastic scattering between powder particles it will 
be expected that with a change in powder size there will be a change in the number of 
in-elastically scattered electrons detected, also giving rise to a similar change in 
background slope. Taking this further, if it is assumed that the scattering of these 
electrons is a function of the surface area of the specimen, (i.e. if the surface area 
increases, the number of scattering events increases), thus as the powders become 
finer the scattering events become more frequent and a rise in the background slope 
will be obtained. This is the opposite of what is experimentally obtained! With the 
finest powders (sub25p.m), the post peak slope is virtually flat, while for the largest 
size fraction (100-200p.m) a definite rise can be noted.
With the larger size fractions it is possible to discern a small Fe2p peak in the survey 
scan as well as in the high resolution scan, while in the small size fraction the peak 
can not be discerned in either the high resolution or survey scans.
The second experimental set on the PIII(3) alloy shows a similar trend if the l-5pm  
powder fraction is discarded. In this case the segregating element under investigation 
is magnesium within the small size fraction regime.
In the smallest size fraction considered (4-12p.m) the particles have solidified first 
show a smaller Mg/Al ratio compared to the 50|im size fraction. This observation 
supports the experiments undertaken on the Al- Fe alloy powder, but as magnesium 
has a faster diffusion rate it is expected that effects will be noted in smaller size 
fractions compared with the iron.
Table T7.7 showed the ratio Fe/Al and it can be noted that there is little change in the 
ratios with size fraction. This confirms the lack of post peak slope after the Fe2p 
peak, as illustrated in figure 7.15.
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7.5.4 Conclusions
The main conclusion from these experiments is the change in segregation with 
powder size, with the larger powders exhibiting greater surface segregation compared 
with the smaller powders. As powder size is related to freezing time by expressions 
discussed in section 2 .2 , it is possible to propose that this segregation is connected 
with the length of time the powder is molten. The next chapter discusses this further.
7.6 Overall Conclusions on Chapter 7
This chapter has illustrated many of the features of the surfaces of RS aluminium 
alloy powders produced by high pressure inert gas atomization. The oxide layer has 
been found to be relatively thin compared to planar specimens, and in some cases 
rather inert. The surface also shows segregation of certain elements which are 
affected by the time the particles are molten.
Points now required to be discussed are:
(1) Segregation -
is it possible to propose models to account for the surface segregation of 
elements in the surface layers?
(2) Oxide Layer -
Propose a model to account for the formation of the oxide layer.
These two points will be considered in the next two chapters.
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Chapter 8
Surface Segregation
8.1 Introduction
In the previous chapter it was established that surface or interface segregation of some 
elements was occurring in the RS powders. Some elements showed strong surface 
segregation (Mg, Li) whilst others tended to be absent in the surface (Cr, Fe).
Also in chapter 7 it was shown that time in the molten state affects the degree of 
surface segregation (as shown with the Al-Fe alloys Al-8wt%Fe and PIII(3)), and that 
the solute level for specific elements can affect the enrichment factor (as shown with 
the Al-2wt%Ni and Al-8wt%Ni alloys).
This chapter discusses the possible mechanisms for surface segregation and depletion.
8.2 Comparison of Enrichment Factors with Possible Surface Segregation 
Mechanisms
In Table T8.1 the ranking order for the enrichment of solute elements in aluminium is 
compared with their ranking according to the free energy of formation of their oxides 
and their diffusion rate in molten Al.
It can be noted that the rankings of Ef and free energy of oxide formation do not 
show the excellent agreement observed between the ranldngs of Ef and diffusion 
rates. Indeed a chromium oxide should be expected to form in preference to a zinc 
oxide and hence a high chromium concentration ought to be found at the surface. 
However, this is not the case since very little chromium is detected on the surfaces of 
Al-Cr powders when compared with Zn. This indicates that surface segregation can 
not be related to the free energy of oxide formation.
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Experimental Free Energy of Diffusion in
Enrichment Oxide Molten Aluminium
Factor Formation [1,2] [3 to 7]
LITHIUM MAGNESIUM LITHIUM
ZINC LITHIUM ZINC
MAGNESIUM ZIRCONIUM MAGNESIUM
ALUMINIUM
NICKEL CHROMIUM COPPER
COPPER ZINC NICKEL
IRON IRON IRON
CHROMIUM NICKEL CHROMIUM
ZIRCONIUM COPPER ZIRCONIUM
TABLE T8.1
“Ranking Order” of Several Alloying Elements in Aluminium According to 
Experimental Enrichment Factors, Free Energy of Oxide Formation and 
Diffusion in Molten Aluminium
References
1. Cottrell, 1975
2 . Gurry and Darken, 1953
3. Edwards et al, 1968
4. Shibataetal, 1978
5. Eremenko et al, 1978
6 . Eremenko et al, 1981
7. Ejima et al, 1980
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Experiment Theory
Alloy wt% B-M T-P H
Al-2.4Cr NO NO NO NO <0
Al-3.5Cr NO NO NO NO <0
Al-5.5Cr NO NO NO NO <0
Al-0.5Cu YES YES NO NO <0
Al-lCu YES YES NO NO <0
Al-2Cu YES YES NO NO <0
Al-4Cu NO YES NO NO <0
Al-lOCu YES (slight) YES NO NO <0
Al-2Fe YES YES NO NO <0
Al-8Fe NO NO NO NO <0
Al-0.7Mg YES YES YES YES
Al-3.2Mg YES YES YES YES 20.9—>9.5
Al-5Mg YES YES YES YES 42.6—>7
Al-20Mg YES YES YES YES
Al-2Ni YES YES NO NO <0
Al-8Ni YES(siight) NO NO NO <0
Al-lZr NO NO YES NO <0
Al-Zn(Z) YES YES NO YES 6.5—>1;4.8—>0.i
Al-Li YES YES YES YES 145—>24.6
Al-2Hf NO NO YES NO <0
Al-Mn(C) NO NO NO YES
toA
Notes:
B-M = Burton and Machlin; T-P = Tsai and Pound; H = Hondros
(C) = Reference Csanady et al (1988); ++ see text; Bs = Enrichment factor as
calculated using the analysis of Hondros. Higher value corresponds to Tlv for
un-oxidised Al and lower value to Ylv for oxidised Al (Garcia-Cordovilla et al,
1986) (see Chapter 2.6.2)
(Z) = Zn was as an impurity in some of the alloys
(1) = When Ep>l, 6S >0 the answer is YES, when Ep<l, Bs<0 the answer is NO
Table T8.2 
Does Segregation(1) Occur?
1 8 6
The results in this thesis have shown that:
(1) There exists a correlation between the solute enrichment factor EfT and 
diffusivity of solute in molten Al.
(2). There is a correlation between the enrichment factor and the time which the 
droplet is in the molten state.
(3) There appears to be a relationship between the concentration of the element in 
the bulk material and degree of enrichment at the surface.
(4) Enrichment or depletion occurs over a thickness of at least 5nm. Furthermore, 
other investigators have reported such thicknesses in excess of 7,5nm and 
20nm.
These results together with the change with cooling rate of the thickness of the solute 
enriched/depleted layer in Al-Mn and Al-Fe melt spun ribbons (Csanady et al, 1988) 
are all consistent with the solute redistribution mechanism, (see also section 2 .6)
Table T8.2 compares the experimental results with the predictions of Burton and 
Machlin, Tsai and Pound, and Hondros. Tsai and Pound predict correctly the 
behaviour of Al-Cr, Al-Li and Al-Mn alloys but do not agree with the results for the 
Al-X (X=Ni, Cu, Zn, Zr) alloys.
Burton and Machlin account for the Al-Cu alloys, the Al-Fe alloy powders at two 
different concentrations and the dilute Al-2wt%Ni alloy. The prediction of no 
segregation within the concentrated Al-8wt%Ni alloy was not observed with the 
parameter of Ef1 set at <1, but in this case the Erf was 1.3. Also, unlike Tsai and 
Pound, Burton and Machlin predict correctly the behaviour of Al-X (X=Hf, Zn, Zr) 
alloys. However, the predicted increase in Erf with Mg concentration in the Al-Mg 
alloys was not observed.
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The calculated values of Bs (Table T8.2) using the analysis of Hondros (section 2.6) 
for the Al-Mg system are in good agreement with the measured ElT values and 
suggest that for the more concentrated alloys the surface of the powder was more 
heavily oxidised. Also it is predicted that under non oxidising conditions Mn should 
be detected on the surface of Al-Mn alloys.
It appears that the guide lines set down by Burton and Machlin are better than the 
other two. However, problems in determining the metastable phase diagram mean 
that, in general, these predictions can only be used as a guide line and not a hard and 
fast rule.
Lithium is predicted to segregate more than any of the other alloying elements on the 
surface of Al binary alloys. This together with the high reactivity of Li explains the 
rapid deterioration of the surface of gas atomized Al-Li alloy powders with the 
exposure to air and the formation of thick layers of Li containing compounds on these 
powders. This deterioration was discussed in chapter 3.
8.3 Conclusions
The prediction of the surface segregation of alloying elements is complex. This work 
has indicated that certain elements will always surface segregate (Li, Mg and Zn), 
others segregate depending on their concentration (Cu, Ni and Fe) while others appear 
not to segregate (Cr, Zr and Hf). This work has also indicated that the theory of 
Burton and Machlin appears to enable prediction of which elements are likely to 
surface segregate with a far better degree of success. Clearly further work is required 
to enable a better understanding of this subject.
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Chapter 9 
Oxide Growth
9.1 Introduction
This section studies the likely reactions that can occur in the atomizer between 
powder and oxygen available within the atomizing vessel. The history of the powder 
up to the analysis point can be divided into three sections:
(1) In flight freezing.
(2) Powder held within the collection box and subsequent unloading 
within a glove box filled with inert gas.
(3) Possible exposure to a corrosive atmosphere.
It is useful therefore to outline the conditions which the powder will experience prior 
to any consolidation technique.
In Flight Freezing (or molten stage)
In this region the molten droplet is being cooled rapidly from approximately 200C 
above its equilibrium melting point to ambient temperatures in less than 1.5ms. This 
is the time a molten droplet travelling at approximately lOOOm/s would take to hit the 
chamber side wall of the Surrey atomizer (see also section 2.2). If it was still molten a 
splat would result, which in the case of the atomizer at Surrey is a relatively rare 
event.
Powder in the Collection Box and Unloading in an Inert Gas Filled Glovebox
While in the collection box the powder is held at room temperature in a low oxygen 
containing atmosphere. The majority of oxygen is from the atomizing gas (lOppm), 
but also oxygen maybe present due to leaks within the atomizing vessel. The 
surrounding atmosphere will also be low in impurities such as water and carbon 
dioxide in the ppm levels.
The powder at some stage will need to be transferred from the atomizing apparatus to 
either a consolidation technique or a storage vessel.
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The powders produced at Surrey were unloaded in an Argon filled glovebox and then 
stored in metallic containers which are sealed via a tight fitting seal and a screw top. 
While the powder is held within the collection box it is likely that there would be 
enough oxygen and time available to ensure that the minimum thickness as predicted 
by Mott will be achieved.
The minimum number of molecules required to ensure that enough oxygen is present 
within the system for the oxidation processes to take place can be calculated. A 
reasonable estimate of the specific surface area of a batch of powder produced is 
100m2/Kg. If the oxide thickness of this powder is approximately lnm the specific 
volume of oxide is:
100 x lxlO '9 = Ixl0'7m3/Kg
The density of alumina is approximately 3000Kg/m3, thus for one kilogram of 
powder produced the weight of alumina is:
3000 x lx l0 '7Kg = 3x10^ Kg = 0.3g
1 mole of alumina weighs 102g, the number of moles of alumina in the lKg powder 
sample is
= 0.3/102 
= 2.94x10'3moles
1 mole of alumina contain 3/2 moles of oxygen molecules, the number of moles of 
oxygen molecules in the lKg powder sample is
2.94xl0‘3 x % = 4.41xl0"3 moles of oxygen molecules.
1 mole contains 6.023xl023 molecules and the number of required molecules of 
oxygen in the lKg powder sample is therefore
4.41xl0'3 x 6.023xl023 = 2.66xl021 molecules of oxygen in
the lK g powder sample
This is the minimum number of oxygen molecules required to form a lnm thick oxide 
layer on one kilogram of powder with a specific surface area of 100m2/K g  
(approximately a mean powder diameter of 10|im).
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This calculation does not allow for the probability of an oxygen molecule “sticking” 
to the surface of the powder particle. This probably would change as the oxide grows 
from a reactive metallic surface to a more passive thin oxide layer.
The minimum concentration of oxygen within the atomizer in order to form an oxide 
layer needs to be considered. This can be estimated in two ways, either in terms of a 
concentration of oxygen within a static atmosphere or in terms of the concentration of 
oxygen within the dynamic atomizing gas. Considering the first case:
The internal volume of the Surrey atomizer is approximately 1.7m3
The minimum number of oxygen molecules is 2.66xl021 (or 2.94xl0 '3 moles) and if 
the pressure within the atomizer is assumed to be approximately atmospheric then 1 
mole of a gas at STP has a volume of 22.4xl0_3m3 therefore 2.94xl0'3moles has a 
partial volume of 2.94x1 O'3 x 22.4x10’3m3
= 65.9 x 10‘6m3 or
as a percentage of the total volume this equals 
65 9xl0 -6 x 100 ?
— !— Yq--------- = 3.88x10 % or 38.3 ppm bv volume
As'the majority of the gas within the vessel after atomization will be helium this 
corresponds to
310 ppm by weight
The dynamic situation can be modelled taking into account that for the typical 
atomization experiments IKg of gas was used to form IKg of powder. Again if the 
number of molecules of oxygen within the IKg of gas is 2 .66x l021 (or 
2.94xl0"3moles) the mass equals 2.94x1 O'3 x 32 = 0.094g giving in terms of parts per 
million (by weight) in 1kg of gas
= 94 ppm of oxygen by weight.(or 12ppm by Volume)
In both cases the concentrations of oxygen required are very low.
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Powder Exposed to an Uncontrolled Atmosphere
In this final section there is no longer any control over the reactions which could 
occur on the surfaces of the powders. Therefore in this regime the corrosion reactions 
outlined in section 2.4.5 will play an important role in the surface chemistry of the 
powders.
9.2 Oxidation of the Droplet
9.2.1 The Molten Droplet in Free Flight
A very important consideration in the history of the powder is its life time as a molten 
droplet within the atomising chamber. It is during this period that not only the 
solidification process occurs but the oxidation of the surface of the solidifying droplet 
may also take place. A possible consequence of the molten droplet forming an oxide 
“crust” is that this film may act as a possible nucleation site for solidification and in 
turn ensure that the latter occurs in a heterogeneous rather than homogeneous fashion.
As already discussed the molten stage of the solidifying droplet is complex, with 
several interacting factors. The exact length of time the powder remains molten is not 
known, although this has been modelled by Clyne et al (Clyne et al, 1984a).
It is useful therefore to list the factors which will influence the solidification and 
oxidation behaviour of the powder particles.
(1) Short Molten Time Of the order of 1.5 milliseconds.
(2) Low Oxygen Content Prior to an atomization run the atomizer
was always evacuated using a rotary 
pump and was back filled with 
laboratory grade argon. Thus the 
atomizing chamber atmosphere had a 
very low partial pressure of oxygen at 
the onset of the atomization process. 
During atomization oxygen maybe 
introduced as an impurity with the 
helium atomizing gas (about lOppm) 
(Air Products Ltd, Data Sheet)
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(3) High activity o f aluminium With the high affinity of aluminium for
oxygen it is expected that on contact 
with any oxygen atoms liquid aluminium 
would react to form AI2O3 (Gurry and 
Darken, 1953). The standard free energy 
AG° (298K) for the formation of AI2O3 
is -1.6xl03 KJ.mol'1. [As a comparison 
the free energy of formation of a “noble” 
metal oxide such as silver is virtually 
zero and the corresponding AG°(298K) 
for the formation of CU2O is -0.25xl0'3 
KJ.moT1].
(4) Steep temperature gradient The powder can travel through a steep
temperature gradient ranging from 200C 
above the alloy liquidus to room 
temperature in a time of less than 1.5 
milliseconds. Oxidation therefore could 
occur both at high and low temperatures.
Critical to any assessment of the oxidation of the molten droplet (if it occurs!) is the 
time to which the droplet remains molten or close to the liquidus temperature (e.g. 
due to recalescence).
The freezing time (tf) will in turn determine whether the droplet interacts with enough 
oxygen molecules to form the precursor to oxidation physisorbed layer of molecular 
oxygen while it is in the molten state, or above the critical Mott temperature (Tc). 
Above this temperature high temperature oxidation will occur with the transport of 
aluminium ions achieved by thermodynamic elevation to interstitial positions within 
the oxide layer. Below this temperature the growth is due to the intense electronic 
field established by the ionization of the physisorbed oxygen atoms by electrons 
which have quantum mechanically tunnelled from the metallic aluminium regions. 
(See section 2.4).
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The fundamental difference between these two mechanisms is that in the high 
temperature case the oxidation will continue while there is enough oxygen present, 
while for the low temperature oxidation the process stops when electrons can no 
longer tunnel through the oxide layer. This critical thickness (dj® is known as the 
Mott limit and is about 2nm for aluminium.
The second important variable is the oxygen content within the atomising chamber. 
Clearly in order to oxidise, the powder will have to interact with enough oxygen 
molecules which adhere to the surface in order to form a monolayer, whether in the 
molten stage or during subsequent storage and handling. Two models which have 
been developed for the study of this problem are:
(1) A static model assuming chance interaction between the powder and oxygen 
molecules.
(2) A dynamic model, which assumes that the powder is travelling through an 
interaction volume containing oxygen molecules (with a velocity), and over a 
time that it is molten.
Considering first the static model as illustrated in figure 9.1a.
9.2.2 Static Model.
Here the powder is within the collection box and is considered to have free access to 
the atmosphere within the Total Atomizer volume, i.e. before the ball valve connecting 
the atomizing chamber to the collection box is closed (see figure 2.8). It is also 
assumed that this volume contains oxygen (figure 9.1a). The powder is static and 
cannot influence the concentration of oxygen interacting with it. The rate of 
interaction of molecules with a surface area of one square centimetre is:
n = 3.52xl022 P.(MT)1/2 molecules-cnV2. s e c 1 ...[9.1]
Here n is the number of molecules of molecular mass M arriving at a surface of one 
square centimetre per second at absolute temperature T and pressure P (Torr). 
Assuming that the powder is at room temperature (300K), the partial pressure of 
oxygen (Relative Molecular Mass (RMM) = 32) is about 10‘5 atm. (i.e. lOppm) and 
atmospheric pressure (760 torr) within the collection box.
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Figure 9.1a
Schematic Illustrating Static Model of Oxide Growth.
Adsorbed Oxygen
'$  Oxide Film^lOA Thick
AluminiumAlloy
Figure 9.1b.
Schematic Illustrating Oxide Layer lnm  Thick Grown on An Aluminium Surface 
With a Layer of Adsorbed Oxygen on Top of the Oxide.
^  x*Oxygen Containing Atmosphere
ADSORBED OXYGEN 
LAYER
Growing Oxide 
Layer
Aluminium-Alloy 
Substrate
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p0 2 = 10'5 atm 
Ap02 s  7.6 x 10“3 Torr 
(MT)’1/2 = 1/100
3.52xl022 x 7.6xl0 '3 
so n = i 0()
.*. n = 2.73 x TO18 moIecules.cnT2.sec'1
Therefore the arrival rate of oxygen molecules per second over a square centimetre is;
2.73xl018 Molecules.cm'2.sec"1.
Assuming that every oxygen molecule “sticks” and then reacts to form aluminium 
oxide (figure 9.1a), the rate of growth of the oxide layer can be calculated. 
Considering figure 9.1b, with a monolayer of oxide approximately Inm in thickness 
and assuming that the volume of gas within the atomizer is very large compared to the 
amount of oxygen required to form the monolayer, the oxygen content can be taken to 
remain constant.
For one square centimetre of surface,
Volume of Oxide = lx lx lO '7 cm3 = 10'7 cm3,
Density of Oxide = 3 g.cm'3
Mass of Oxide in Inm oxide layer (lx lcm 2)= 3xl0'7g 
RMM A120 3 = 102
3xlO'7 g = - Moles
Number of Moles in the oxide layer = 2.94xl0"9 Moles. 
2.94x10"9 Moles of oxide contain 6.023x1023x2.94xl0'9x |
molecules of O2
= 2.657x10 molecules of oxygen.
the arrival rate of oxygen molecules is about;
2.7xl018 molecules.cm^.sec"1.
and the number required to form the monolayer is about;
2.7xl015 molecules.cm"2
The time to form this monolayer is therefore;
2.7xl015 1
2.7x l018 = 1000 second- = lm s
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This indicates that even for relatively low concentrations of oxygen it is likely that at 
least a monolayer of oxide would be formed. However, in the above simple 
calculation it was assumed that there is sufficient oxygen present within the 
atmosphere for the net concentration to remain constant and that the relatively large 
surface area of the powder does not influence it. As indicated earlier the powder will 
remain molten for less than 1.5ms. Hence it would be expected that most of the oxide 
growth would occur after the powder has solidified.
A more realistic approach is the dynamic model.
N O T  TO SCALE
RELATIVE VELOCITY OF P O W D E R  (Up)
Up = Vg “Vp
Figure 9.2.
Schematic Illustrating Dynamic Model of Oxide Growth.
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In this case the molten droplet is assumed to solidify in an interaction volume given 
by the cross sectional area of the powder particle multiplied by the distance the 
droplet travels before it solidifies as illustrated in figure 9.2. The time the droplet 
remains molten and the relative distance it travels before solidification is obtained 
from equation [9.2] (also given in section 2.2) (Clyne et al, 1984a and Clyne, 1982)
* [(C x AT) -h Hf ] x 2r
l f “ 6 x hi x Ti ...L2WJ
The heat extraction coefficient h. was given by equation [2.6] and powders of radius r 
is given by;
K r  AJ x1/2 1/3 / p  y 1/61
h, = 7 s  + L0.6 ( j * )  X  ( i y C gr  J ..[9.3]
§
where the subscript g refer to the atomising gas
Up the relative velocity of the powder to the atomising gas.
The distance the solidifying droplet has travelled is;
Lg = Up x tp ...[9.4a]
The interaction volume Vj is thus given by;
V{ = Ls x Tt.r2 ...[9.4b]
Here Lg is the interaction length of the powder relative to a static volume of 
atomizing gas. V. is the interaction volume and r is the radius of the powder particle.
A computer program was written to calculate the interaction volume with varying 
radii of powder and the number of oxygen molecules that the solidifying droplet is 
likely to interact with from an estimate of the concentration of oxygen within the 
atomising gas. The (impurity) concentration of oxygen molecules was again taken as 
10 ppm. The number of oxygen molecules required to form an oxide thickness of lnm 
(the thickness which has been measured by XPS analysis) was also calculated as was 
the difference in the number of oxygen molecules available to the number required 
within the interaction volume. Since the relative velocity of the powder within the 
atomizing gas is unknown a range of relative velocities values have been used in the 
calculation.
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9.2.4 Results of Dynamic Model
Figure 9.3 shows the molten flight time tf calculated from equations [9.2] and [9.3] 
for a series of powder particles atomized with superheat of 200K and T^ar of 600K. 
LOG 10
Figure 9.3.
Calculated Molten Flight Times (tf) for Various Powder Radii and Various 
Gas/Powder Relative Velocities (U), Using He as the Atomizing Gas.
The relative velocity of the powders compared to the helium atomizing gas varies in 
the range of 1 to 999m/s. As the true values of the velocities of the gas and the 
powder particle can only be estimated, this method gives a band of possible results in 
which the true values would lie. The sonic velocity of the atomizing gas (He) is 
approximately lOOOm/s. It is thus reasonable to assume that the powder particle will 
accelerate within the gas from 0 to 1000 m/s. The band of tf values ranges from 
2x10 ‘6 seconds for a l|im  powder particle to about lxlO *1 seconds for the largest 
200(im powders, with a relative velocity o f lm/s. It is however, very unlikely that the 
powder's relative velocity will be as low as this in most cases.
Figure 9.4 illustrates the relative flight distances of the powder, as obtained from 
expression [9.4a]. These distances range from 2 x l0 ‘5m for the Ifim particles to 10m
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for the largest particles at a relative velocity of 999m/s.
LOG 10
RADIUS OF POWDER (urn) X101 
Figure 9.4.
Calculated Distance Travelled By Solidifing Droplet (before Solidification) for 
Various Powder Radii and Various Gas/Powder Relative Velocities (U), Using He
as the Atomizing Gas.
Figure 9.5 gives the number of oxygen molecules that would be required to form a 
Inm oxide layer for each particle size and the number of available oxygen molecules 
within the calculated interaction volume given by expression [9.4b].
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LOG 10
l l i m l i i i i l . i . i l m l l m i l . m l i m l . m l . i n t l l l l i i m l l
Number of oxygen molecule* 
available
'Required number of oxygen 
molecules in order to for® 
a 10A oxide layer
85 4aa *■TZ=3
*  3.
2.
HELIUM ATOMIZING GAS
• - f r r r r p  r r q i  t t t t t t t t  p m r fn  rryn n j r n r f r n  11 m v p v r i \ m r [  11 nr
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RADIUS OF POWDER (urn) X101
Figure 9.5.
Calculated Number of Oxygen Molecules Required to Form a lnm  Thick Oxide 
Layer for Various Powder Radii Compared W ith the Number of Available 
Oxygen Molecules Within the Interaction Volume at Various Relative
Gas/Powder Velocities (U).
In this case a lOppm oxygen concentration was assumed although this appears to be 
an underestimation o f the actual concentration. Figure 9.6 gives the ratio of the 
available to the required number of oxygen molecules against varying radii of powder 
sizes on a log/log scale in order to determine the crossover point from insufficient to 
sufficient oxygen at varying relative velocities.
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RADIUS OF POWDER (un) LOG10
Figure 9.6.
Calculated Ratio of Required Number of Oxygen Molecules to Form a Inm  
Thick Oxide Layer to Available Oxygen Molecules Within the Interaction 
Volume at Various Powder Radii and Relative Gas/Powder Velocities (U). When 
Ratio = 1 Number of Oxygen Molecules Required Equals Number Available.
9.3 Discussion
9.3.1 Oxygen Content Within the Atomizer
Using the results from section 9.1, the minimum concentration of oxygen within the 
atomizer required to ensure that a LOnm thick oxide is formed on a IKg batch of 
powder is calculated to be 39ppm (vol) in the static condition or 12ppm (vol) for the 
dynamic condition. These levels of oxygen are higher than the values used in the two 
computer models. However, in the case of the dynamic model the actual 
concentration in parts per million by volume is very close to the value quoted by the 
supplier. In practice the actual concentration of oxygen in the atomizer is likely to be 
even higher due to residual air within the atomizer prior to an atomization run or air 
trapped within the pipe system. Even though the atomizer is evacuated prior to an 
atomization run, the chamber is not a true vacuum chamber as it does not have the
202
necessary seals. It is only evacuated with a rotary pump and any adsorbed gases can 
remain on the surfaces of the chamber as the system is not baked prior to atomization 
runs. On this final point the walls of the chamber get hot during atomization runs and 
thus adsorbed species can contribute to the atmosphere within the chamber. Also it 
must be remembered that the calculation accounts for the total oxide thickness, and 
not for the first monolayer. This important aspect needs to be considered for the oxide 
formation in the molten stage. In conclusion it appears that there are enough oxygen 
atoms available within the system in order to form a thin oxide layer.
9.3.2 Static Model of Oxidation
The time required to form a monolayer of oxide in an atmosphere with a partial 
pressure of oxygen of 10“5atm is 1/1000 second.
This suggests that if the material was left for virtually any period of time in an 
atmosphere containing even this small concentration of oxygen an oxide layer would 
be formed under the Cabrera-Mott conditions, i.e. reaching a certain thickness and 
then stopping, as the powder particle is at a lower temperature compared to the 
molten stage. Whether in this static model there are enough oxygen atoms within the 
atomizer or even in the collection box after the powder has been isolated from the 
atomizer is difficult to predict from the available data. The true oxygen concentration 
within the atomizer during and immediately after an atomization run is difficult to 
obtain.
9.3.2 Dynamic Model of Oxidation
Referring to figures 9.3-9.6, the dynamic model suggests that the formation of the 
oxide would not be hindered by lack of oxygen during the molten flight time. This is 
even considering the doubt expressed earlier, of the actual relative velocities of the 
powder, to the atomizing gas. As the results correspond to a band of relative 
velocities, it is possible that the point where there is a surplus of oxygen molecules 
occurs at small powder diameters. While for the very smallest particles (sub lOpm) 
there is not enough oxygen to form the thin layer. However, it must be remembered 
that for this model no estimation in the variability of the sticking coefficient has been 
made.
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The thickness to which the oxide grows is roughly 4 times the monolayer thickness. 
(Assuming that for the first monolayer the sticking coefficient is unity, a reasonable 
assumption due to the high reactivity of a molten aluminium surface), and the total 
number of atoms of oxygen required to form this layer is on parity with the number 
available from within the atomizing gas (of the same order of magnitude). Thus for 
the atomizing conditions considered :
(1) The possibility of oxidation in free flight is justified for at least the larger 
particles (greater than 10pm). The limiting step of not enough oxygen 
molecules to form this layer appears not to apply. However, after the first 
monolayer of oxide is formed it is likely that not only the numbers of oxygen 
molecules available will be a prime consideration but also their sticking 
coefficient.
(2) It is therefore possible to consider that oxidation may occur above the critical 
Mott temperature Tc, i.e. oxidation controlled by thermal promotion, rather 
than oxidation controlled by the electronic field. This important transition in 
terms of temperature is the switch from high temperature oxidation to low 
temperature oxidation, at about 286C. Above this temperature there is enough 
thermal energy to promote aluminium from the metallic regions to interstitial 
positions within the oxide film. Below this temperature the elevation of 
aluminium ions is by the short range established electric field as discussed by 
Cabrera and Mott.
The observations of Couper et al (Couper et al, 1986), for Al-Fe RS alloy powders 
suggest that a high temperature oxide was formed on either the solidifying droplet, or 
while the droplet was above the crystallization temperature to form Y-AI2O3 instead of 
the more usual amorphous form. With the lower liquidus temperature alloys such as 
the 7000 series it is possible that time above this crystallization temperature is 
reduced, with the formation of only the amorphous material.
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This is in agreement with the model put forward as in both cases the limiting value is 
the availability of oxygen molecules over a limited time. The time above a 
crystallization temperature in the case of the Al-Fe alloy may lead to a crystalline 
oxide film due to the availability of oxygen to form an oxide at a high enough 
temperature. In the case of the 7000 series alloys, although an oxide is being formed 
in the molten state, there isn't enough time to form a crystalline species before the 
droplet has solidified due to the lower melt temperature.
9.4 Summary of Oxidation Within the Atomizer
From the above analysis there is the possibility that an oxide layer is formed in the 
molten flight time of the solidifying powder particle. This maybe limited in thickness 
by the non-availability of oxygen after the first monolayer is formed, due to a change 
in the sticking coefficient of oxygen from a molten metallic surface to a solid oxide 
surface.
In any case if an oxide layer is formed in the high temperature regime of the powders' 
lifetime, the thickness of this oxide layer is less than the theoretical Mott thickness, 
the layer will grow within the atomizer or in the glove box under the Cabrera-Mott 
process to its limiting thickness.
9.5 Stresses in the Oxide p ”0
Figure 9.7.
Schematic Illustrating Stresses Within the The Oxide Layer on a Powder Particle 
Cooling From Molten Temperatures to the Ambient.
(Spaepen and Turnbull, 1979)
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When the oxide film is formed at a high temperature, on cooling it is contracting at a 
different rate to the droplet as there is a mismatch in the thermal expansion coefficient 
as the oxide is solid while the droplet is undergoing the change from molten to solid.
Indeed, if  a droplet of liquid metal is encapsulated in a strong oxide coating, the 
difference in thermal expansion between the oxide and metal will produce stresses 
within the droplet. Referring to figure 9.7, on cooling the metal contracts more than 
the oxide, and in order to keep contact between the metal and oxide the liquid droplet 
is expanded by a negative hydrostatic pressure p, while the oxide coating is 
compressed in a stress state, with principle stresses (p,at at). Oxide coated liquid 
metal droplets have been studied theoretically by Spaepen and Turnbull (Spaepen and 
Turnbull, 1979) who derived expressions to describe the stresses and strains involved. 
For thin oxides:
a t = p f  ...[9.5]
where
2r3 + [r + d]3 
2[r + d]3 - 2rJ
et= pp- [vox + (1 - vox ) n  ...[9.7]
ox
P = [«me - a M] AT - A -  ...[9.8]
[1 " voxJ
Here 9
a t = tangential stress in N.m
2
p = negative hydrostatic pressure in N.m 
T = geometrical factor
r = radius of particle and d = thickness of oxide in m 
et = tangential strain
vox ~ Poisson's ratio for the oxide (0.23 )
Eqx = Young's modulus of the oxide ( 3.985xlOu N.m"2 )
a ox = linear coefficient of thermal expansion for the oxide (7.5xlO'6K‘1) and
similarly a me for the metal (4.07xl0‘5IC1)
AT = T2 - Tj, where T2 is the starting temperature and Tx is the final
temperature.
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Calculations have shown that for a very thin oxide layer (l.Onm) and a lOqm droplet
p = -3436 N.m'2 per degree Kelvin temperature drop.
Gt = -17.7xl06 N.m"2 per degree Kelvin temperature drop. 
et = -3.32xl0"5 per degree Kelvin temperature drop.
The implicit assumption for the above calculations is that no fracture occurs. The 
negative pressures necessary to cause homogeneous cavitation in liquid metals are 
typically higher than the calculated values (Spaepen and Turnbull, 1979). The oxide 
film as already discussed in section 2.5 is very strong, especially since it is under 
compression. The most likely location for cavitation is the oxide-metal interface, 
which can, however, also be quite strong.
As it is likely that there will be compressive forces within the oxide film it is
proposed that this will increase the energy required to put an aluminium ion into
interstitial site. Hence, the energy barrier in order to grow an oxide film will increase, 
Urviit o£ the
and the pet^effect of the electronic field established between the adsorbed oxygen ions
and the near surface aluminium ions will be'redueed. Thus for a spherical shaped 
. . . . .  .... , . fetched at fcVw curves. o-C oxvSe.particle the Mott limit will be reduced.
Since the oxides are so thin, it may be considered that little high temperature 
oxidation is occurring. With high temperature oxidation it would be expected that the 
oxide would continue to grow, with any available adsorbed oxygen. Hence, oxide 
thicknesses in excess of the Mott limit would be expected. This is clearly not the case.
There are two possible explanations to this.
(1) Once a monolayer of oxide has formed, the droplet has a reduced sticking 
coefficient for the adsorbed oxygen. Hence, in order to grow the second and 
third layers more than a 1:1 ratio of available to required oxygen would be 
required. As the calculation is really quite close to this 1:1 ratio, it is possible 
that this condition may not be satisfied.
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(2) A primary oxide is grown at high temperature, but is limited by the lack of 
available oxygen within the system. By the time the second adsorbed layer has 
been formed, the droplet has cooled to below the critical temperature. A 
change from high to low temperature oxidation occurs.
From the above discussion and expressions [9.5] to [9.8], it can be proposed that the 
longer the powder particle is above the ambient temperature, the higher the induced 
stress will be within the pre-cursor oxide layer, i.e. the oxide layer which is thinner 
than the Mott thickness, formed during the free flight life of the powder particle.
It therefore follows that with the higher melting point alloys e.g. Al-Hf, Al-Fe etc the 
induced stresses will be higher than for the lower melting point alloys (Al-Cu etc), 
and thus the energy barrier to promote aluminium ions from metallic regions to 
interstitial positions within the oxide will increase with the increase in induced stress.
From this argument a trend should be expected with oxide thickness and pouring 
temperature of each alloy, with the higher melting point alloys exhibiting thinner 
oxides compared with the low melting point alloys.
In figure 9.8 the oxide thickness is plotted as a function of pouring temperature for 
the alloys investigated (except Al-Mg & Al-Li alloys). It appears from this plot that 
such a trend exists.
The data for the Al-Ni alloys does not fit with the trend shown in figure 9.8. These 
alloys were produced at Metalloys and their oxides almost certainly would have been 
formed under different oxygen partial pressures compared with the other alloys.
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Figure 9.8.
Plot of Oxide Thickness against Pouring Temperature for Powders Studied. 
Note: Trend of Thicker Oxides with Decreasing Pouring Temperature
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9.6 Conclusions
This chapter has proposed a model to explain the oxide formation on the surface of 
rapidly solidified aluminium alloy powders produced by high pressure gas 
atomization at the University of Surrey.
It is proposed that oxidation is a “two stage” process with at least a monolayer of 
oxide being formed at the molten stage, and the majority of the oxide growth 
occurring in the collection box prior to unloading, or less likely within the inert gas 
filled glove box during unloading.
It has also been proposed that the relative thinness of the oxide layer is due to 
compressive strains being formed in the oxide while the droplet is solidifying, leading 
to an increase in the energy barrier to place an aluminium ion into an interstitial 
position within the oxide layer.
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10.1 Introduction
An important aspect in the production of consolidated material from RS powder is 
whether a degassing step is required, and if so at what temperature, time, vacuum 
level or gas flow rate (if continuous gas flow methods are used to remove evolved 
species)? Other important issues are the effect of such a treatment on the 
microstructure and the surface properties of the powder, and how any changes in 
these properties will affect the properties of the consolidated material. (See also 
sections 2.5.3 and 2.5.4).
In-situ degassing experiments within the surface analysis spectrometer have been 
suggested by heating the powder within the ultra high vacuum of the XPS instrument. 
There are two major drawbacks to such an experiment.
Firstly, the heating of powders would be difficult. In order that sufficient energy can 
be put into the system the powders would have to lie on some form of boat that can be 
in turn heated by some method (e.g. resistance heating).The powders in order to be 
uniformly heated would be required to be evenly spaced throughout the boat, which 
in turn could lead to problems during analysis as the boat material will also add its 
peaks to the spectrum making interpretation of the latter difficult.
The second and more important problem is the maintenance of a clean environment 
within the spectrometer. With the heating of powder there is the danger that evolved 
gases can cause powders to be spread throughout the instrument thus causing 
problems with valves and seals. It is for these reasons that the powders were not 
degassed within the spectrometer.
In the literature attempts to quantify suitable degassing treatments tend to be specific 
to the alloy system (e.g. air atomized 7091 (Kim et al, 1985 etc)), and have been 
arrived at by empirical methods. In this section a preliminary investigation of the 
degassing of inert gas atomized Al alloy powders from first principles is described, 
studying gas evolution during the degassing step, and the effect of such a treatment on 
the chemistry of the surface (e.g. enrichment on the surface of elements and oxide
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thickness). Also of importance is the effect of alloying (and impurity elements) on the 
degassing characteristics of the powder.
Evolved gases
heating coils
; = = C d s
to vacuum ump
Valve Open
Powder in Boat
Figure 10.1a 
Typical Degassing of Powders Set up.
Possible Back Diffusion 
of evolved gases Established Vacuum
heating coiis
to vacuum ump
Powder in Boat
Valve Closed
to mass spectrometer 
Figure 10.1b
Enviromental Chamber Type Degassing Experiment. Note: Possible Back 
Diffusion and Reaction of Evolved Species.
Evolved gases
Possible Configuration for Gas Analysis for Degassing Type Experiments
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10.2 Apparatus used for Degassing Experiments
It is vital to ensure that evolved gases are removed from the system so that these 
gases do not take part in further reactions. For example water evolved at low 
temperatures such as 150C can react at higher temperatures (400C) with aluminium to 
form aluminium oxide with the evolution of hydrogen. In a degassing system as 
shown in figure 10.1a, evolved gases are removed from the system. Simple 
“environmental chamber” type experiments as illustrated in figure 10.1b are not 
realistic, as the evolved gases can easily “Back React” with the powder and the gas 
analysed is the equilibrium between the powder and the evolved gases. The proposed 
system as shown in figure 10.1c uses constant pumping with a controlled bleed of 
evolved gas to a mass spectrometer. It is the most viable option as it closely models 
the degassing system as shown in figure 10.1a, and was used throughout these 
experiments.
The equipment used for these experiments is illustrated in figure 10.2, with the 
chamber achieving a vacuum of 10~7 torr.
In order to obtain a rapid and accurate data analysis the mass spectrometer used was a 
VG Quadrupoles Ltd Arga Plus system. This system was interfaced to a personal 
computer allowing easier data acquisition and analysis.
10.3 Experimental
The experiments conducted thus far fall into two categories:
(1) Residual and evolved gas analysis.
(2) Effect of degassing treatments on the surface chemistry of the aluminium 
powder (oxide thickness and chemical composition).
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Figure 10.2.
Schematic Illustrating Apparatus Used for Degassing Experiments. Note: 
Evolved Gases Flow Over Quadrupole Before Reaching Diffusion Pump.
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10.3.1 Mass Spectrometry of Evolved Gases
10.3.1.1 Introduction
It is widely excepted that degassing is a pre-requisite of any consolidation technique, 
although the “degree of degassing” for a particular alloy composition remains largely 
empirical. Literature suggests that degassing to just below a coarsening temperature 
(or loss of microstructural advantage) at the best available vacuum is probably the 
safest compromise. A typical plot as shown in figure 2.33 (Chapter 2.5) of intensity of 
evolved gases at particular temperatures is useful empirically, although their transfer 
from one system to another, or atomizing regimes remains doubtful. Figure 2.33 
refers to an air atomized 7091 alloy and indicates that at about 100C physically 
adsorbed water is evolved, with chemically bonded water (e.g. hydrated oxide species 
such as AI2O3.3H2O) being removed at the higher temperature of 350C.
Other workers have shown that for carefully stored, inert gas atomized powders the 
second water peak is largely removed. The hydrogen peak is largely a function of this 
second peak as the evolved water reacts with metal (either aluminium or magnesium) 
at elevated temperatures to form further oxide species and hydrogen. Two extremes 
are therefore possible as indicated in figure 2.34 (Chapter 2.5). Here air atomized or 
poorly stored powder has a hydrated oxide. Inert gas atomized powder (which has 
been carefully stored) has an anhydrous oxide with water only as an adsorbed species.
The effect of alloying or impurity elements within the powder has so far not been 
considered. Clearly if the oxide structure contains reactive components such as 
magnesium (see earlier discussion) the hydration effects may differ from that for pure 
aluminium powder.
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10.3.1.2 Experimental
The experiments undertaken attempted to determine degassing characteristics for a 
carefully stored powder (RS Al-5wt%Ni-3wt%Fe alloy powder atomized and stored 
under inert gas (Ar) conditions with a moisture content of 5ppm). These 
characteristics were then compared with another inert gas atomized powder 
(Al-4Mg-0.2Zr), which had not been kept in a controlled environment. Previous work 
on this alloy had showed extensive blistering within the compact during consolidation 
(VAW un-published research).
The powder (about lOg) was held in a silica boat within a tube furnace, and a 
thermocouple was placed into the powder sample (figure 10.2). The temperature of 
the furnace was also measured. The chamber was rough pumped to about 10"2 torr 
and then the diffusion pump baffle valve opened to establish a vacuum of about 10“6 
torr.
A titanium sublimation pump was also used prior to an experiment in order to reduce 
the water and oxygen content of the chamber.
Generally the apparatus was pumped overnight with the cold trap filled with liquid 
nitrogen to ensure a stable vacuum at the start of the heating cycle.
During the experiments the baffle valve connecting the chamber to the diffusion 
pump stack was left open because of a slight leak within the system which otherwise 
interfered with the analysis. This work has indicated that although the evolved gases 
are removed quickly, it is still possible to detect them. However, this means that it is 
not possible to accurately estimate the total amount of gas evolved,only to note 
relative changes.
The furnace was preset to the desired degassing temperature and allowed to rise at its 
fastest rate, approximately 20C per minute.
The evolved gases were detected as a function of time on a cycle, usually total 
pressure followed by the partial pressures of H2, H2O & CO2. Other gases were also 
detected such as Ar. These pressures and the temperature were recorded onto a chart 
recorder.
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10.3.1.3 Results and Discussion
Empty Chamber
Figure 10.3 illustrates the degassing behaviour of the empty chamber. It is worth 
noting that although there is a rapid rise in the water vapour detected when the 
furnace is first operated (about 20C) there is a steady decline in the pressure with 
increased temperature. Notice that the scale is of the order of 800xl0"9 torr.
Figure 10.3.
Residual Gas Analysis (RGA) Using Mass Spectrometry on the Empty Chamber
Heated to 500C
With increasing temperature the pressure of C 02 rose to a peak of 400x10‘9 torr at 
450C. As expected very little was detected (10xl0‘9 torr) at any stage.
On reaching 500C the furnace remained at this temperature and the quantities of each 
gas were detected as a function of time. As can be seen in figure 10.4, there is a 
gradual decline in each species, although as the pressures of each species are low their 
removal rates are slow.
MASS SPECTROMETRY OF BIFTY CHAMBER
§ L 0 2 fm ace tbtfkature increased at fast rate
f—  **  * r mm  r n n  n  h t p f i witw h  m u m  ru •
TEMPERATURE OF FURNACE (C) X101
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Figure 10.4.
RGA Plot of Empty Chamber held at 500°C as a Function of Time
Al-5Ni-3Fe Inert Gas RS Powder Stored in Argon
Figure 10.5 shows the mass spectrometry trace of the Al- 5Ni-3Fe powder, which had 
been stored in argon filled sealed metallic containers prior to degassing. As can be 
seen there is a rapid increase in the partial pressure of water (2200x l09 torr) at about 
100°C and then a steady decrease with increasing temperature. There is however a 
slight increase at about 330°C. This second peak would infer that some degree of 
hydration of the oxide has taken place. As this level is far higher than the partial 
pressure obtained from the empty chamber, this water must only come from the 
powder.
The C 02 increased in a similar manner as its partial pressure in the empty chamber. 
Thus it is proposed that the majority of the C 02 signal is adsorbed C 0 2 on the 
chamber (from loading) and possibly C0 2 on the powder.
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Figure 10.5.
Plot of RGA against Temperature for the Degassing of a Carefully Stored Al-Ni-
Fe RS Alloy Powder
Very little I f  was detected up to 525C, which supports the earlier statement that I f  is 
mainly due to the decomposition of the hydrated species.
On reaching 525C the furnace remained at this temperature. The results are illustrated 
in figure 10.6. As can be noted the rate of removal of evolved gases at a fixed 
temperature is rapid, this would be expected with a diffusion pump system. This 
indicates that at a particular temperature with the quantities of powders examined, an 
equilibrium is rapidly established between evolved gas and the vacuum system. This 
result was particularly useful in determining the degassing times in section 10.3.2 
below.
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TIME IN MINUTES AT 525°C X101
Figure 10.6.
Plot of RGA against Time for a Carefully Stored Al-Ni-Fe RS Alloy Powder held
at 525C.
VAW 215 RS alloy
This alloy was provided by VAW and its nominal composition was 
Al-4wt%Mg-0.2wt%Zr. It was produced by inert gas atomization but not stored under 
argon prior to the degassing experiments. In order to produce a hydrated specimen the 
sample was allowed to stand in the open laboratory at RH 42% for 1 week prior to the 
experiment. As can be seen in figure 10.7 there is a rapid increase in the H20  
outgassing at 100C, reaching a maximum of 12000xl0*9 torr at 150C, far higher than 
any other material so far discussed. After this temperature the outgassing of H20  from 
this powder decreased with increasing temperature.
On reaching 315C the heating cycle was stopped and the powder was kept at this 
temperature. The partial pressure of H20  decreased rapidly at this temperature, 
(figure 10.8). This powder was not heated above 315C.
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Figure 10.7.
Plot of RGA against Temperature for the Degassing of a Poorly Stored Al-Mg-Zn
RS Alloy Powder.
TIE IN MINUTES AT 315°C X101
Figure 10.8.
Plot of RGA against Time for a Poorly Stored AI-Mg-Zn RS Powder Held at
315C.
A gain the C 0 2 appeared to follow the trend o f  the empty chamber, while H 2 rem ained
low  throughout the experim ent (3 x l0 -9 torr, o f the sam e order as fo r the  previous 
experim ents)
10.3.1.4 Conclusions
(1) A n experim ental technique has been developed w hich is useful fo r the study 
o f the degassing o f sm all quantities o f  powders. A slow er heating rate  w ould 
be required if  larger quantities o f  pow ders are used.
(2) In the carefully stored pow ders (A l-N i-Fe) the hydrated species o f  the oxide 
w ere low . The m ajority  o f  the outgassed  w ater was as surface physorbed  
m oisture. How ever, there w as som e hydration o f the oxide layer even w ith the 
carefully controlled conditions.
(3) The poorly  stored pow der (A l-M g-Z n) had an order o f  m agnitude h igher 
partial pressure o f H 2O. H ow ever, further experim ental w ork is requ ired  to 
determ ine the hydrated oxide content.
10.3.2 Effects of Degassing on the Powder's Surface
All earlier w ork has not considered the effects of degassing on the surface chem istry 
o f  the powders. In this section these effects are briefly studied.
The pow ders (Al-5N i-3Fe RS alloy) w ere loaded into the silicon boat and placed into 
the tube furnace w ithin the apparatus described earlier. The system  was evacuated to 
10"7 torr, and the baffle valve to the d iffusion pum p left open. The pow ders w ere 
heated directly to the required tem perature, and held at this tem perature for 3 hours. 
T his tim e w as used throughout th is set o f experim ents as the p rev ious w ork  had 
indicated  that fu ll degassing o f sm all quantities o f powders could be achieved. A fter 
this tim e the powders were cooled w ithin the furnace with the vacuum  system  running 
so that back reaction o f species w ith the hot pow der was avoided.
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W hen the pow ders had cooled, they w ere rem oved from  the cham ber and loaded  into 
the  pow d er transport vessels. T he pow ders w ere then  loaded  in to  the e lec tron  
spectrom eter (ESCA3 M kll) for surface analysis.
Oxide thickness
The actual oxide thicknesses w ere not calcu lated . It is m ore useful to consider the 
ratio  o f  the A13+/A1° XPS peaks areas (i.e Intensities) as these show greater variation  
than the calculated oxide thicknesses.
F ig u re  10.9.
P lo t o f th e  R a tio  o f In ten sitie s  A I^+/A1° W ith  In c re a s in g  H e a t T re a tm e n t
T e m p e ra tu re
F igure  10.9 show s the variation in this param eter w ith degassing tem perature fo r 3 
hours. There is little variation in the ratio  o f  A13+/A1° XPS peaks with time. H ow ever, 
as th is pow der was carefully  stored p rio r  to  degassing  this is not surprising. If, as 
expected the oxide is relatively anhydrous there w ill be no rem oval o f  w ater from  the 
oxide, and hence no loss o f m aterial from  the oxide layer.
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Figure 10.10
Ratio of Al/Mg Detected on the Surface of an Al-5wt%Ni-3wt%Fe RS Alloy 
Powder Following Heat Treatments.
F igure  10.10 show s the ra tio  o f  a tom ic percen tages o f  A l/M g fo llow ing  heat 
treatm ents on the A l-N i-Fe RS alloy pow der. There appears to be no trend in either 
enrichm ent o r depletion  o f  the im purities levels o f M g w ith increasing  degassing 
tem perature, except possibly w ith the final heat treatm ent at 425C  w hich gave a large 
concentration o f  M g on the surface. It is possib le that a t these high tem peratures 
enough energy is available to cause excessive surface segregation o f this particular 
element.
The m ajor alloying additions (Ni &  Fe) were not detected  in  enough quantities to 
establish a m eaningful ratio  to the A l content.
224
These brief experiments have shown that:
(1) D egassing o f  pow ders does not appear to alter the surface chem istry o f 
carefully  stored pow ders except o f a possib le increase  in  the surface 
segregation o f m agnesium  at high tem peratures
(2) D egassing appears not to alter the oxide thickness o f  carefully  stored powders.
T his prelim inary w ork has ind icated  that study o f degassed pow ders by XPS m ay 
provide useful inform ation in determ ining the correct param eters fo r degassing.
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Chapter 11
Conclusions and Suggestions for Further Work
11.1 Conclusions
T he w ork described in this thesis has dem onstrated that surface sensitive techniques 
such as XPS can be used successfully on  rapidly solidified alum inium  alloy pow ders 
in  o rder to determ ine oxide th ickness, surface segregation etc. A protocol has been 
estab lished  fo r the analysis o f such pow ders and usefu l techniques have been 
in troduced  and developed fo r the  in terp reta tion  o f  resu lts  ob tained  by X PS. F o r 
exam ple  oxide th ickness ca lcu la tions , segregation  on  the surfaces o f  pow ders 
(enrichm ent factor) and the general in terpreta tion  o f XPS spectra (e.g. post peak  
background).
F o r pow ders whose alloying elem ents do not include m agnesium  or lithium  the oxide 
is thin, in m ost cases less than 2 .0nm  and appears to be relatively  inert to am bient 
a tm ospheres over short (up to 12 hours) exposure  tim es. For alloys that contain  
significant am ounts o f either lith ium  or m agnesium  this is  certainly not the case as 
has been well illustrated by electron spectroscopy and the exam ination o f the surface 
m orphology o f powders by SEM .
A m odel has been proposed  to account fo r the re la tive ly  th in  oxide. T his is a 
m odification  o f the M ott-C abrera m echanism . O xidation o f  the pow ders in  “ two 
stages” has been proposed. A p recu rso r high tem perature oxide is form ed on the 
solidifying droplet which on cooling is stressed in such a m anner so that the energy 
required  to place alum inium  cations in to  the oxide at low er tem peratures exceeds the 
energy provided by the electronic field established across the oxide layer.
T he analysis o f Al-M g alloys has suggested  that care w ill be required  in the use o f  
such alloys as the oxide is no longer pro tective but is prone to “break-aw ay” oxide 
grow th. This problem  has been extended by virtue o f the surface segregation o f this 
elem ent. Prelim inary w ork has also suggested that the presence o f m agnesium  on the 
surface o f powders radically alters the degassing characteristics o f the pow ders.
The surface segregation o f certain elem ents is com plex and no single m echanism  has 
been proposed, although it is certain that is not driven by the free energy o f  form ation 
o f  the oxides. It appears that the theory  o f  Burton and M achlin is in good agreem ent 
w ith the experim ental results o f m ost o f the alloys exam ined.
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11.2 Further Work
The m ost in teresting  investigation w ould be to study further the oxidation and the 
surface segregation o f  RS powders so that predictive m echanism  can be developed.
Oxidation
From  the ox idation  w ork  a probable  m echan ism  has been proposed w hich is  a 
m odification  o f  the M ott-C abrera m echanism  invo lv ing  stressed pre-cursor oxide 
layers. A theoretical analysis determ ining to w hat extent this stressing can increase 
the energy  requ ired  to  p lace an alum inium  cation  in to  an in terstitial position and 
predicting the reduction in the oxide thickness w ould be very useful.
A study o f  the oxidation o f pow der should also exam ine the effect o f the electric field 
established on a sphere (cf a planar specim en) on the oxide thickness.
Segregation
The w ork  so far has proved  that certain elem ents are likely to be surface enhanced 
(Mg, L i & Zn) o r depleted (Fe, C r etc). It w ould  be useful to m odel the solidification 
history and solute profiles in RS pow ders and to pred ict the enrichm ent factor as a 
function o f  pow der size, atom ization conditions etc.
Other Work
Future  w ork  should also concentrate on the surface exam ination  o f  consolidated  
m aterials, (for exam ple the presence o f m agnesium  on fractured surfaces, the stress 
corrosion  c rack ing  o f  M g, Zn contain ing  alloys etc). T his type o f w ork w ould  
necessarily  need to be undertaken in-situ fo llow ing fracture to avoid problem s w ith 
re-oxidation . The m ost appropriate technique for such a study w ould be scanning 
A uger m icroscopy on a system  fitted  w ith a U H V  fracture  stage. H ow ever, w ith 
recen t advances in  sm all area XPS m ethods and im aging  X PS, the use o f these 
techniques in  com bination with a fracture stage should also be considered. This type 
o f  w ork  should  also investigate  the effect o f  degassing treatm ents, consolidation 
param eters, heat treatm ents etc.
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